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Stick
Welder

Date of test: 7/2018

Lab Name:       CSU Energy Institute

Lab Location:   Fort Collins, Colorado

Appliance Description
This stick welder is a hand-built, step-down transformer acquired in Kigali, Rwanda, and is commonly found
throughout SSA. The primary purpose of the welder is to aid in steel fabrication and assembly. The core
consists of thin steel laminations pressed together with two wood blocks at the top and bottom. The
windings are insulated using cellulose, such as electrical kraft or crepe paper. The primary winding is copper
and the secondary winding is aluminum with a fixed turns ratio. Contrary to commercial stick welders with
adjustable voltage and controllable air gap between windings, this welder’s fixed turns ratio produces a
constant voltage and variable current.

Key Appliance Manufacturer Ratings
98,000/112
Unrated
Unrated
Unrated 
Unrated
Unrated

Short Arc Power
A short arc has a 
more consistent 
power profile 
and higher 
average and 
peak current.  
This is due to a 
stronger 
connection between the electrode and steel. 
Compared to longer arc welds, short arc welds 
demonstrate a more predictable load.  

Long Arc Power
A long arc creates
an intermittent 
connection between
the electrode and 
steel, resulting in 
highly variable 
power. This can cause issues in power systems with 
inertial generation.  Without proper visibility 
equipment, long arc welds may be more common. 

(Shielded Metal Arc Welder)

Lab Test Parameters Short Arc Long Arc
Supply voltage, avg [V] 208 208
Supply current, avg. [ARMS] 24.1 18
Supply current peak [A] 62.8 60.1
Real power, avg [kW] 3.2 2.5
Reactive power, avg [kVAR] 3.8 2.6
THD, supply current (%) 8.8 6.5
Supply power factor 0.64 0.69
Throughput (Wh/cm) 3.8 2.7
Efficiency (%) 71.2 75.7
Turns Ratio 4.25
Duty Cycle (% of 10 mins @ 25A) 25

List Price (Rwandan Francs/USD): 
Input Supply Voltage (VAC):                     
Average/Peak Current (A):                    
Average/Peak Real Power (kW):             
Duty Cycle:
Efficiency (%):

Modes of  Operation Tested
Stronger 
Penetration

Long Arc Weaker 
Penetration

Short Arc 

*The data and observations within this page are 
specific to informal hand-built welders and may not 
translate to commercial welders.

Average Winding 
Diameter (mm) 
= 22.2

Total 
Average 
Height (mm) 
= 421.5

Steel Laminations Average Length (mm) = 74.8



 

Welder in Tanzania powered by 
diesel genset (not associated with 

minigrid)

Welder testing in the CSU Energy 
Institute



 

 

 

 

 

 

 

 

 

 





 



Multi-Purpose
Mill

Date of test: 10/2018

Lab Name:       CSU Energy Institute

Lab Location:   Fort Collins, Colorado

Appliance Description
This appliance is a dual purpose electric rice huller and hammer mill acquired from a manufacturer in China.

The primary purpose of the mill is to increase crop value through modes of processing. The rice huller

portion removes the indigestible hull from a grain of rice and the hammer mill pulverizes grain into flour.

For ease of use, an adjustable hopper allows for controlled grain input into the machine. The body of the

machine is powder coated sheet metal and angle iron with die-cast components. This mill is driven by a

capacitor enabled AC single phase motor coupled with a standard v-belt and pulley configuration.

Key Appliance Manufacturer Ratings

6N40-9FQ21
$253
220
2.2/3

Power
The power the mill 

consumed during testing
conformed with the 
manufacturer rating and
produced a consistent 
and predictable load 

profile.  Inrush current of ~35A was recorded at 
100 V and 50 Hz, which needs to be validated at 
220V but could be mitigated with ancillary 
equipment. 

Grain Size Distribution

Lab Testing Parameters Coarse Fine

Supply current, avg. [ARMS] 10.9 13.7

Steady state current, peak [A] 13.7 19.2

Transient current, peak [A] 40-60 40-60

Real power, avg [kW] 2.4 2.9

Reactive power, avg [kVAR] 0.57 0.55

Total Harmonic Distortion, 
supply current (%)

14.3 -

Supply power factor 0.970 0.982

Throughput (kg/hr) 324 231

Energy Intensity [Wh/kg] 7.3 12.7

Manufacturer:

Model Number: 

List Price (USD): 

Motor Voltage Rating (VAC):                      

Motor Rating (kW/hp)

Rated Current (A):                  

Hammer Mill Rated Throughput (kg/hr)

Rice Huller Rated Throughput (kg/hr)

Rated Speed (RPM)

Electrical to Mechanical Efficiency (%):

Rated Power Factor

13.7
>300  
>150
2800
77
0.95

Modes of  Operation Tested (hammer mill function only)

Higher 

throughput
&

Lower energy 

intensity

Hammer Mill
Fine Screen

Sichuan Jingyan Lianyi
Machine Factory

Hammer Mill
Coarse Screen

Flow 
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Testing production and 
electrical characteristics at CSU

Milled maize resulting from 
mill testing at CSU
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Surface Solar 

Water Pump

Date of test: 12/2018

Lab Name:       CSU Energy Institute

Lab Location:   Fort Collins, Colorado

Appliance Description
This appliance is a surface reciprocating piston pump manufactured by Futurepump that is powered by a

stand-alone solar panel system and brushed DC motor. The primary purpose of the pump is to boost crop

productivity through irrigation. The body of the machine is powder coated sheet metal and angle iron with

pieces of molded plastic and aluminum. If power is not being generated by the solar panel system, the

pump can be operated manually with a screw-in handle on the flywheel. A kit of spare parts and tools is

provided alongside the pump to aid in maintenance over time. The pump can operate with 2 or 3 provided

solar panels and with an either small or large pulley attached to the motor, driving the flywheel.

Key Appliance Manufacturer Ratings

SF2 – 2 panel
$675
36
60/0.08
2.5

*Average Efficiency vs Head
The efficiency at each 
point along the head 
curves in the P vs Q 
graphs was averaged 
to display mean 
efficiency over an 
exhaustive range of 
irradiance (W/m2). The efficiency values are 
preliminary and are subject to further method and 
data instrument validation.  

*Power vs Flow ( P vs Q)

*Lab Testing Parameters Small Large

Supply voltage [V] 11.8 – 42.5 7.7 - 39.6

Drawn current [A] 0.7 – 2.6 0.9 – 2.6

Demanded power [W] 8 - 85 8 - 87

Total Differential Head [m] 2.3 – 17 3.1 – 8.7

Flow Rate [LPM] 4.9 - 28.6 1.2 - 43.1

Flywheel speed, maximum
[RPM]

375 324

Electric to Hydraulic 
Efficiency, maximum [%]

55.2 51.4

Manufacturer:

Model Number: 

List Price (USD): 

Motor Voltage Rating (VDC):                 

Motor Rating (W/hp)

Rated No Load Current (A):

Inlet Vertical Suction Limit (m)                 

Max total vertical lift, small pulley (m)

Max total vertical lift, large pulley (m)

Flow rate, small (LPM)

Flow rate, large (LPM)

Peak System Efficiency (%):

7
15
9
12.5 - 29
24.5 - 38
70%

Modes of  Operation Tested (2 panels only) 

Large Pulley

Futurepump

Small Pulley

Motor

Large 
Pulley

Small 
Pulley

*The data presented was created in a lab with a simulated photo-voltaic power supply and is subject to further validation



 

Testing production and electro-
mechanical characteristics at CSU

FuturePump in use in rural 
Tanzania (older model)
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1. Objective 

The purpose of this document is to outline the preferred method for testing simple, foreign-

built, Shielded Metal Arc Welder (SMAW) power supplies. These power supplies consist of 

single phase, two winding, fixed-coil, transformers. 

1.1. Scope 

This testing is for determining the electrical parameters and characteristics for the 

SMAW power supply. Unlike modern domestic SMAWs that actively regulate the 

output to maintain constant current, these welders use a fixed-coil transformer-type 

power supply that generally steps down 115V or 220V utility mains electricity to 

achieve lower voltage, higher current operation. The scope of this test standard is limited 

to the electrical performance evaluation and characterization only. Evaluating the quality 

of the finished welds is outside of the scope of this testing document. 

1.2. Safety 

All safety precautions noted in the latest edition of ANSI/ASC Z49.1-88 Safety in 

Welding and Cutting should be adhered to during testing. This standard does not address 

all potential safety hazards inherent with the operating of this equipment. The user is 

responsible for maintaining personnel safety during testing, and for adhering to any 

relevant regulatory limitations. 

2. Instrumentation 

It is recommended that, whenever possible, all measurements be taken using electronic 

instruments with analog outputs that can be read and recorded by a data logger. 

2.1. Voltage 

Voltage measurements should be made at or as near to the winding terminals as possible. 

If, for some reason, they cannot be, then the error should be evaluated and subsequent 

readings corrected. Tests should be conducted at the anticipated operating voltage and 

frequency of the welder. 

2.2. Current 

Current measurements can be made with in-line current sensors or current transformers 

if the magnitude of the measured current is too high. Hall effect sensors may also be 

used. Current draw by instruments, such as volt and/or wattmeters, should be subtracted 

to obtain the net welder current. 

2.3. Power 

Power measurements can be made using a dedicated wattmeter. A power analyzer or 

oscilloscope capable of evaluating power quality metrics, including: power factor, 

harmonics, and THD is also required. 

2.4. Temperature 

Temperature may be measured using thermocouples, thermistors, Resistance 

Temperature Detectors (RTDs), thermometers, or other suitable devices. 
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2.5. Electromagnetic noise 

Electronic instruments feature higher input impedance than passive instruments, which 

means they draw less current, thereby reducing the need to make corrections for current 

drawn by the instrument. They are, however, more susceptible to electromagnetic noise.  

 

Common noise sources include: 

• Inductive or electrostatic coupling of signal leads to power circuits 

• Inadequate common mode rejection 

• Common impedance coupling or ground loops 

• Conducted interference from power circuits 

Good practices for minimizing electromagnetic noise should be adhered for all 

electronic instruments. These include: 

• Using shielded, twisted pair wires for signal leads 

• Grounding the shield at only one point 

• Maintaining as much distance as is practical between signal leads and power 

cables 

• Grounding all exposed metal parts 

2.6. Accuracy 

Instrument error is rated as a percentage of the full scale for the measurement 

instrument. For this reason, it is important to size measurement instruments 

appropriately such that the full scale of the instrument is close to the expected range of 

operating values. Instrument transformers should be avoided if possible because they can 

inject additional error into measured values. If instrument transformers are used, their 

error must not exceed ±0.3%. 

 

Accuracy for all measurement devices must adhere to the values specified in Table 1. 

Table 1. Instrument accuracy requirements. 

Measurement parameter Accuracy 

Losses ±3.0% 

Voltage ±0.5% 

Current ±0.5% 

Resistance ±0.5% 

Temperature ±2.0oC 

 

2.7. Calibration 

All instruments shall have been calibrated within the past 12 months. 

3. Test Configuration 

The recommended welder test configuration is shown in the diagram in Figure 1, below. 
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Figure 1. Test configuration diagram. 

3.1. Description of testing components 

This section describes the various aspects of the testing setup shown in Figure 1. 

3.1.1. AC power supply 

An AC power supply capable of supplying the full load current of the welder at 

the rated voltage and frequency shall be provided. (Note: if the welder does not 

have a rated voltage or frequency, the anticipated operating voltage and frequency 

should be used.) The voltage waveform should be as close to purely sinusoidal as 

possible; voltage waveform deviation should not exceed 10%. The frequency 

should be maintained within ±0.5% of the required testing value.  

3.1.2. Current sensor 

Both the input and output current shall be monitored using an in-line current 

meter, current transformer, or Hall effect current sensor meeting the requirements 

in section 2. 

3.1.3. Watt-meter 

A watt-meter or power analyzer capable of monitoring real power (W), reactive 

power (VAR), apparent power (VA), and power factor (PF) meeting the 

requirements in section 2. 

3.1.4. Voltage sensor 

The voltage on both the input and output coils of the welding power supply shall 

be monitored either directly or by means of a voltage divider, or an AC voltage 

transducer, meeting the requirements in section 2. 

3.1.5. SMAW power transformer 

The SMAW power supply under test. This is typically a single-phase, two 

winding, step-down, fixed-coil transformer. 

3.1.6. Welding electrode 

A standard welding electrode rod, such as the E6013, should be used for all tests. 

The E6013 welding electrode is acknowledged as being suitable for sheet metal, 

and is typically used for training. 

3.1.7. Steel plate 

A standard steel plate with good weldability characteristics should be used, such 

as 1020 hot rolled steel. 
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4. Preliminary Transformer Tests 

As the welding power supply is a transformer, an initial electrical characterization may be 

made by subjecting it to typical test methods for dry type electrical transformers. A practical 

equivalent circuit representation for a single phase, two-winding transformer is presented in  

 

 

Figure 2. Equivalent circuit for a practical single phase, two-winding transformer. 

The key features of this model can be found using the tests in this section. The parameters 

include: 

• Turns ratio (N1:N2) – the ratio of the number of turns on each winding of the 

transformer. This relationship dictates the voltage and current relationships found 

in the transformer. Found in 4.1. 

• Winding resistance (RW) – the electrical resistance of the winding. This value 

contributes to load losses in the transformer that increase with the square of the 

operating current (I2R losses). This is found in 4.2. 

• Leakage inductance (LL) – this is a self-reactance in the transformer winding 

contributes to voltage drop, and hence loss, in the transformer windings. This is 

found in 4.3. 

• Core loss (RC) – some real power is lost in the transformer core, which can be 

represented by a core loss resistor in parallel with the magnetic core. This is 

found in 4.4. 

• Magnetizing inductance (LM) – a certain amount of reactive current is required to 

maintain the flux in the transformer core, which can be represented as an 

additional inductor in parallel with the magnetic core. The current drawn by the 

core loss and magnetizing inductance are sometimes referred to collectively as 

excitation current. This is found in 4.4.  

4.1. Turns ratio 

The turns ratio is the number of turns on the high voltage (input) winding to the number 

of turns on the low voltage (output) winding (N1:N2). The turns ratio should be 

determined using two voltmeters, one on each winding. A variable AC source should be 

applied to the high voltage terminal, and measurements from both voltmeters should be 

read simultaneously. 

 

A total of four test points should be taken at 80%, 90%, 100%, and 110% of rated 

voltage. The turns ratio is calculated as the ratio of the high voltage to low voltage, and 

measured by the voltmeters. The results should all be within 1% of each other – if not, 

the results are considered invalid, and the test should be conducted again with different 

voltmeters. 
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Next, the voltmeters should be swapped between the high and low voltage windings and 

repeated to compensate for instrument errors, and the average value of the two sets of 

readings should be taken as the final result. 

4.2. Winding resistance measurement 

The electrical resistance of the transformer windings (RW) should be established in order 

to estimate conduction (I2R) loss in the welder, as well as determining temperature rise in 

the windings. Resistance measurements should be taken under “cold” conditions when 

the welder has sat idle in a draft-free area for at least 24 hours with neither voltage nor 

current applied. Internal temperature sensors should measure within 2oC of ambient, and 

ambient temperature should not have changed by more than 3oC in the past three hours 

prior to obtaining measurements. 

 

All resistance measurements should be corrected to a standard reference temperature 

of 25oC. Temperature correction should be calculated using EQ. 1:  

 

𝑅𝑠 =  
𝑅𝑡(𝑡𝑠 + 𝑘)

(𝑡𝑡 + 𝑘)
 

EQ. 1 

Where: 

Rs=  Resistance of winding measured at specified reference temperature ts (Ω) 

Rt =  Resistance of winding at measured temperature tt (Ω) 

ts = Specified reference temperature (25oC) 

tt = Measured temperature (oC) 

k =  234.5 for copper 

 225 for aluminum 

 229 if both copper and aluminum windings are used in the same transformer 

 

As a result of the effects of magnetic core saturation, it may take some time for the 

measurement readings to reach stable, steady-state values. Measurement time intervals 

of 5-10s are recommended, and longer readings may be required. The required time for 

the cold resistance measurements to reach steady state should be noted, and the same 

time should be observed when taking hot resistance measurements. 

 

In order to maintain consistent core magnetization, the same relative polarity should be 

maintained during all resistance measurements. Changing the measurement polarity can 

change the time constant and result in erroneous readings. Polarity should be maintained 

by always applying the same measurement lead to the same transformer winding 

terminal. 

 

There are two allowable methods for measuring resistance: the voltmeter-ammeter 

method and the bridge method. The voltmeter-ammeter method is most common, but the 

bridge method may be used when higher accuracy is required, or if the transformer 

winding dictates that the measuring current must be less than 1 A. 

4.2.1. Volt-meter ammeter method 

In this method, a DC voltage source is connected to one of the windings of the 

transformer while the other winding is an open circuit. This DC source can be a 
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switching power supply, battery, filtered rectifier, or other suitable supply, but 

should be relatively ripple-free. The resulting current is measured, along with the 

voltage across the winding, and the resistance is calculated according to Ohm’s 

law. The current should not exceed 15% of the rated current to prevent 

temperature rise in the windings, which will skew the results. If the measured 

current is < 1A, the bridge method in section 4.2.2 should be used. 

 

It is recommended that the voltage and current measurements be recorded and 

time-stamped using a data acquisition system to make it easier to document the 

time required for the values to reach steady state equilibrium. An optional resistor 

may be added in series with the winding to reduce the time required for the 

current to reach steady-state. If used, this resistor should have an impedance much 

larger (at least an order of magnitude greater) than the winding resistance. The 

DC voltage source will need to be increased in order to compensate for voltage 

drop across this resistor. 

 

A diagram showing the test circuit for the voltmeter-ammeter method is shown in 

Figure 3. 

 

Figure 3. Schematic diagram for resistance measurement using the voltmeter-ammeter 

method. 

4.2.2. Bridge method 

The bridge method is the preferred method for measuring low resistances with 

high accuracy, without the high equipment cost of a precision resistance meter or 

impedance analyzer. The Wheatstone bridge circuit, shown in Figure 4, is 

typically used for high precision measurements of resistance ≥ 1Ω.  

 

 

Figure 4. Wheatstone bridge. 



7 

 

Two known resistors, R1 and R2, are connected to the unknown winding resistance 

RX, along with an adjustable resistor R3. A detector (either current or voltage) is 

connected between the two nodes as shown. When the circuit is balanced, there 

will be no voltage nor current flow through the detector. When this occurs, the 

unknown resistance RX can be calculated by EQ. 2. 

 

𝑅𝑋 =
𝑅2𝑅3

𝑅1
 EQ. 2 

For resistances < 1Ω the lead wire resistances should be compensated for; the 

Kelvin bridge, shown in Figure 5 is therefore recommended. 

 

 

Figure 5. Kelvin bridge. 

In this case, the unknown resistance RX can be calculated by EQ. 3: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
+ [

𝑅𝑏𝑅𝑦

𝑅𝑎 + 𝑅𝑏 + 𝑅𝑦
] [

𝑅𝐴

𝑅𝐴
−

𝑅𝑎

𝑅𝑏
] EQ. 3 

Where Ry is the resistance of all the associated wires and leads (yoke). For this 

reason, yoke resistance should be minimized as much as possible. Assuming Ry is 

negligible and RA/RB exactly equals Ra/Rb, EQ. 3 can be simplified and rewritten 

as EQ. 4: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
 EQ. 4 

4.3. Load losses and impedance voltage 

Transformer load losses consist primarily of I2R losses from heat and eddy current losses 

in the windings. These are found using a short-circuit test. A diagram for this test is 

shown in Figure 6. 
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Figure 6. Load loss test diagram. 

In the short-circuit test, one set of windings is directly connected to form a short circuit. 

A variable voltage AC power supply is connected to the other set of windings, and the 

voltage is slowly increased until rated current flows through the winding. For the 

purposes of this test, either set of windings can be shorted. However, due to the high 

values of current that are typically found in the low voltage winding of a welding power 

transformer, it may be more practical to apply voltage to the high voltage winding and 

short the low voltage winding, as this requires much less current from the power supply. 

The conductor used to short-circuit the winding must have a cross sectional area equal to 

or greater than the winding. 

 

The voltage required to circulate rated current through one of the two transformer 

windings is referred to as the impedance voltage. Once rated current has been 

established in the winding, the corresponding voltage as measured by the voltmeter in 

parallel with the winding should be recorded. 

 

Load-losses, particularly eddy current losses, are proportional to frequency, therefore the 

frequency of the AC power source used for the load-loss test shall be within ±0.5% of 

rated frequency. The winding resistance is proportional to temperature. Winding 

temperature shall be established at the beginning and end of the test, and the winding 

temperature shall not exceed 5oC. Winding temperature should be determined by 

measuring the DC resistance of the winding, using the methods in 4.2. 

 

Assuming that |𝐿𝑀|>>|𝐿𝐿|, the equivalent impedance for the transformer under short-

circuit conditions (ZSC) can then be determined according to EQ. 5: 

 

𝑍𝑆𝐶 =
𝑉𝐼𝑀𝑃𝐸𝐷𝐴𝑁𝐶𝐸

𝐼𝑅𝐴𝑇𝐸𝐷
= (𝑅𝑊1 + 𝑅𝑊2) + 𝑗𝜔(𝐿𝐿1 + 𝐿𝐿1) EQ. 5 

The real portion of ZEQ should match the winding resistances found in 4.2, when 

corrected for temperature. Assuming that 𝐿𝐿1 ≅ 𝐿𝐿2, the winding inductances can be 

calculated from the imaginary portion of ZSC according to EQ. 6: 

𝐿𝐿1 = 𝐿𝐿2 =
1

2𝜔
𝐼𝑚{𝑍𝑆𝐶} 

EQ. 6 
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4.4. No-load loss 

No load losses refer to the power consumed by the transformer to maintain excitation 

when no load is applied. These include: core loss from hysteresis and eddy-currents, and 

conductor I2R losses arising from the excitation current. No load losses are typically 

assessed using an open circuit test. In open circuit, core losses tend to predominate, and 

are affected by the magnitude, frequency, and waveform shape of the applied voltage. 

For this reason, it is necessary to assess no-load loss at rated voltage and frequency, with 

a minimum of voltage waveform distortion.  

 

The standard method employed for determining no-load losses is shown in Figure 7. One 

winding is energized at rated voltage and frequency using a sinusoidal voltage source, 

while the other is left in open circuit. Either the high-voltage or low-voltage winding can 

be energized for the purposes of this test. Two voltmeters in parallel should be used, one 

measuring true Root-Mean-Squared (RMS) and one measuring the average. (Average 

measurement is to ensure the ac voltage source doesn’t have a dc bias.) An ammeter and 

wattmeter should also be connected as shown.  

 

 

Figure 7. No-load loss test diagram. 

The AC voltage source must be adjusted such that the average reading voltmeter shows 

the rated voltage. Frequency must not deviate more than ±0.5% during the course of 

testing, or the results shall be considered invalid. Simultaneous readings of all voltage, 

current, and power values shall be collected. 

 

The instrument power consumption should be established by disconnecting the 

transformer and recording the value reported by the wattmeter. The instrument loss 

should be subtracted from the measured no-load loss. 

 

The open circuit equivalent impedance (ZOC) can then be calculated as shown in EQ. 7: 

 

𝑍𝑂𝐶 =
𝑉𝑅𝐴𝑇𝐸𝐷

𝐼𝑁𝑂−𝐿𝑂𝐴𝐷
 EQ. 7 

From this, the core loss and magnetizing inductance of the transformer can be calculated 

using the real and imaginary portions of ZOC, respectively, as shown in EQ. 8 and EQ. 9: 
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𝑅𝐶 = 𝑅𝑒{𝑍𝑂𝐶} − 𝑅𝑊𝑛 EQ. 8 

𝐿𝑀 =
1

𝜔
𝐼𝑚{𝑍𝑂𝐶} − 𝐿𝐿𝑛 

EQ. 9 

Where n=1 or 2 depending on which winding had the applied voltage. 

4.4.1. No-load loss waveform correction 

As mentioned previously, no-load losses are sensitive to distortions in waveform, 

and deviations from a pure sine wave voltage source can skew the results. 

Therefore, the no-load losses should be corrected for waveform distortion as 

shown in EQ. 10. 

𝑃𝑐(𝑇𝑚) =
𝑃𝑚

𝑃1 + 𝑘𝑃2
 EQ. 10 

 

Where: 

Tm =  Core temperature at the time of test (oC) 

Pc(Tm) =  No-load losses, corrected for waveform, at temperature 

Tm (W) 

Pm = Measured no-load losses at temperature Tm 

P1 = Per-unit hysteresis loss (pu) 

P2 =  Per-unit eddy-current loss (pu) 

k = (
𝐸𝑟

𝐸𝑎
)

2

 

 

Where: 

Er =  Test voltage measured by the RMS voltmeter 

Ea =  Test voltage measured by average-voltage voltmeter 

 

If actual values for hysteresis and eddy-current losses are unknown, they can each 

be assigned a value of 0.5pu. 

 

If a correction factor of more than 5% is required, the test voltage waveform shall 

be deemed too distorted to achieve valid test results, and an improved voltage 

source must be obtained for the test. 

4.5. Winding temperature rise 

In order to determine the ultimate temperature rise in the windings, the welding 

transformer should be run at rated load, in an area free from drafts, under normal 

conditions and normal means of cooling. The transformer should be loaded using a 

resistive load or load bank sufficient to run at rated current, with rated frequency and 

voltage. The ultimate temperature rise is considered to be the final temperature of the 

windings above ambient once the temperature has become constant. Temperature rise 

shall be considered constant when the measured temperature does not vary by more than 

2oC during a period of three consecutive hours.  
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After temperature has stabilized, the voltage and current should be removed. Average 

winding temperature (Tw) shall be determined by measuring the winding resistance as 

specified in 4.2, using EQ. 11. Measurements should be taken as quickly as possible.  

 

𝑇𝑤 =
𝑅

𝑅𝑜

(𝑘 + 𝑇𝑜) − 𝑘 EQ. 11 

Where 

Tw =  Average winding temperature (oC) 

Ro =  Cold winding resistance determined in 4.2 (Ω) 

To = Cold resistance temperature (25oC) 

R = Measured hot winding resistance 

k =  234.5 for copper 

 225 for aluminum 

 229 if both copper and aluminum windings are used in the same 

transformer 

 

The total winding temperature rise is then the difference between the winding 

temperature (Tw) and ambient temperature. Typically, ambient temperature is rated at 

30oC. If the ambient temperature was something other than 30oC, the temperature rise 

should be corrected according to EQ. 12. 

𝑇𝑐1 = 𝑇𝑟 [
𝑇𝑟 + 𝑇𝑘 + 𝑇𝑟𝑎

𝑇𝑟 + 𝑇𝑘 + 𝑇𝑎
]

𝑛

 
EQ. 12 

 

Where: 

Tc1 =  Average winding temperature rise corrected for ambient temperature (oC) 

Tr =  Measured average winding temperature rise (oC) 

Ta = Measured ambient temperature at the end of the test (oC) 

Tra = Rated ambient temperature (typically 30oC) 

n = 0.7 for sealed units, 0.8 for ventilated units, and 1.0 for forced-air-cooled 

units 

k =  234.5 for copper 

 225 for aluminum 

 229 if both copper and aluminum windings are used in the same 

transformer 

 

If the test was conducted at an altitude greater than 1,000m (3,281’), the temperature rise 

must be corrected using EQ. 13. 

𝑇𝑐2 = 𝑇𝑐1 {1 + 𝐹 [
(𝐴 − 1,000)

1,000
]} 

EQ. 13 

 

 Where: 
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Tc2 =  The altitude-corrected average winding temperature rise (oC) 

Tc1 =  The temperature-corrected average winding temperature rise as calculated 

by EQ. 12. (oC) 

A = Altitude (m) 

F = Empirical factor, defined as 0.005 for dry-type, self-cooled transformers 

5. Welder Performance Testing 

Welder performance testing involves running the welder during normal operations, while 

monitoring the input and output voltage and current. The arc current for a SMAW is 

inversely proportional to the arc length, so a number of different arc lengths should be used.  

5.1. Welder test methodology 

The welder performance test will consist of using a 1/8” diameter E6013 welding 

electrode rod to put a bead on a metal plate of 1020 hot rolled steel. The weld line length 

for each bead-on-plate weld should be approximately 6” (150mm). 

  

Two different arc lengths will be evaluated: 

• Short – indistinguishable distance above the material 

• Long – an arc length equal to the electrode diameter [approximately 1/8” 

(3.2mm)] 

5.2. Power quality assessment 

For each test weld, the following electrical parameters should be recorded: 

• Input voltage 

• Input frequency 

• Average input current 

• Peak input current 

• Input power factor 

• Input current harmonics (even and odd up to 15th harmonic) 

• Input current THD 

• Output voltage 

• Output current 
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1 Overview 

This report will describe the tests conducted to evaluate and characterize a Shielded Metal 

Arc Welder (SMAW) obtained from Kigali, Rwanda. Welders in this region are typically 

hand-built, rather than procured commercially. Consequently, they do not feature 

manufacturer’s data sheets or specifications. The purpose of this testing was to obtain basic 

electrical characteristics, determine equivalent circuit parameters, and provide performance 

benchmarks.  

2 Description of SMAW 

The SMAW that was obtained from Kigali is typical of devices used in sub-Saharan Africa. 

It is a hand-built, step-down transformer. The core consists of thin steel plates pressed 

together with two wood blocks at the top and bottom. The windings are insulated using 

cellulose, most likely electrical kraft paper or crepe paper, which are commonly used 

materials for transformer winding insulation. The primary winding is copper conductor with 

a diameter of approximately 2.1mm, roughly equivalent to a 12AWG wire. The secondary 

winding was aluminum conductor, approximately 9.3mm in diameter (2/0AWG). 

 

The SMAW transformer was shipped in a wooden crate with no protective enclosure, 

packing, or dunnage, which caused some of the insulation to be abraded away due to friction 

contact with the inner surface of the crate.  

 

The SMAW transformer shipped as an open core, with no enclosure or housing, which is 

how they are commonly used in the field. For safety and ease of connection, a polycarbonate 

enclosure was built to house the transformer, with built-in, locking electrical connections 

and a DIN-rail mounted fuse block for the primary winding. Voltage sense leads and Current 

Transformers (CTs) were also added for measurement instrumentation purposes. 

3 Test and Measurement Equipment Description 

This section describes the test and measurement equipment used for capturing the various 

data parameters during testing 

3.1 Voltage 

A Keysight N2791A High voltage differential probe was used for obtaining measurements 

on the primary (high voltage) winding of the transformer. This probe has a rated accuracy 

of ±2.0% and an offset of ±7.5mV. The voltage probe has a BNC output and was 

connected to a Keysight MSOX3012T mixed signal oscilloscope. 

3.2 Current 

Current measurements on the primary (high voltage side) were taken using a Pico TA018 

60A current probe. When set to 100mV/A, the probe has a rated accuracy of ±2.0%, ±5mA 

over the range of 10mA-10A. When using the 10mV/A range the probe’s accuracy is 

±2.0%, ±30mA when measuring between 100mA-40A. The current probe signal was 

recorded using the same Keysight MSOX3012T oscilloscope as the voltage probe in 3.1. 

3.3 Power 

A Bitronics M572 meter was used for recording voltage, current, real power, and reactive 

power. The Bitronics has two channels, with channel 1 connected to the primary side of the 

transformer and channel 2 connected to the secondary. Because of the relatively low 
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voltage values, voltage sense leads were connected directly to the primary and secondary 

windings. Primary current measurements were recorded using Rish CT 12G460 100:5A 

CTs and the secondary currents were recorded using Rish CT 12G462 200A:5A CTs. 

3.4 Impedance 

Resistive and inductive impedance measurements were conducted using a Keysight 

E4990A impedance analyzer. 

3.5 Temperature 

Temperature values were measured using a Tacklife IT-T05 infrared thermometer with 

rated accuracy of ±2.0oC when measuring ≤100oC. 

4 Testing Description and Results 

Two different types of testing were conducted. The first represented tests conducted on dry-

type transformers, using IEEE Standard C57.12.91, 2011 as a guideline for developing and 

conducting tests.  

 

These tests consisted of: 

• Turns ratio test 

• Open circuit test 

• Short circuit test 

• Temperature rise test 

In addition, two series of welding tests were conducted. 

4.1 Transformer characterization tests 

The SMAW is a step down transformer designed to take line voltage, typically 220V 50Hz 

in Rwanda, and transform that to low voltage, high current power suitable for welding. As 

such, it can be characterized using the standard equivalent circuit for a practical, single 

phase, two-winding transformer, as shown in Fig. 1. 

 

 

Fig. 1 Equivalent circuit for a practical single phase, two-winding transformer. 

The key features of this model can be found using the tests in this section. The parameters 

include: 

• Turns ratio (N1:N2) – the ratio of the number of turns on each winding of the 

transformer. This relationship dictates the voltage and current relationships found 

in the transformer.  
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• Winding resistance (RW) – the electrical resistance of the winding. This value 

contributes to load losses in the transformer that increase with the square of the 

operating current (I2R losses). 

• Leakage inductance (LL) – this is a self-reactance in the transformer winding 

contributes to voltage drop, and hence loss, in the transformer windings. 

• Core loss (RC) – some real power is lost in the transformer core, which can be 

represented by a core loss resistor in parallel with the magnetic core. 

• Magnetizing inductance (LM) – a certain amount of reactive current is required to 

maintain the flux in the transformer core, which can be represented as an 

additional inductor in parallel with the magnetic core. The current drawn by the 

core loss and magnetizing inductance are sometimes referred to collectively as 

excitation current. 

 

Transformer characterization tests were conducted at 50Hz, unless noted otherwise. A 

Schneider Conext XW+ 5548 inverter was used to provide a relatively distortion-free 50Hz 

voltage source. The voltage output was adjusted using a 0-250V, 5kVA autotransformer.  

4.1.1 Turns ratio 

The turns ratio of the transformer was determined by taking simultaneous waveform 

measurements of the primary winding voltage (VP) and the secondary winding voltage 

(VS) using the Bitronics M572 meter. A total of four primary voltages near rated voltage 

(220V) were chosen, with steps of approximately 10%. The measured waveforms were 

processed using Matlab, which computed the Fast Fourier Transform (FFT) to obtain the 

amplitude of the fundamental (50Hz) voltage component. The RMS value of the 

fundamental was determined by dividing the amplitude by √2; the primary and 

corresponding secondary RMS voltages are given in Table I. 

Table I. Primary and secondary winding voltages and turns ratio 

VP,RMS VS,RMS N1:N2 

182.90 43.31 4.22 

201.95 47.69 4.23 

222.90 52.37 4.26 

242.92 56.66 4.29 

 

The results indicate that the turns ratio for the transformer is approximately 4.25, 

although the results show more variability than would be expected. 

4.1.2 Winding resistance and leakage inductance 

Winding resistance and leakage inductance were assessed using a Keysight E4990A 

impedance analyzer, and by applying voltage to the primary winding with the secondary 

winding in short-circuit and measuring the resulting current. The secondary winding was 

shorted using a 1.73m (68”) piece of 2/0AWG welding cable, as shown in the schematic 

in Fig. 2. Short circuit test schematic.. The nominal resistance of 2/0AWG wire is 

0.2557mΩ/m, yielding an overall short circuit impedance of approximately 0.4417mΩ. 
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Fig. 2. Short circuit test schematic.  

The results of the impedance analyzer for the primary winding are shown in Fig. 3. In 

order to obtain an accurate result, the impedance sweep range was confined to a narrow, 

low frequency region of 20Hz-100Hz. This was to avoid non-linear effects that occur at 

higher frequencies, such as saturation and resonance, which could skew the results. The 

oscillator amplitude was set to 500mVRMS. The transformer was analyzed using an 

equivalent circuit consisting of an inductance and resistance in series, corresponding to 

the winding resistance and leakage inductance, with a shunt capacitance which represents 

the capacitance formed between adjacent windings of the transformer. At low 

frequencies, this capacitance is mostly negligible, as the results indicate.  

 

These measurements were taken with the transformer equal to ambient temperature, 

roughly 29.2oC. The results indicate that RW is approximately 1.22Ω and LL is 

approximately 13.5 mH. Resistive measurements should be normalized to a standard test 

temperature of 20oC. Therefore, the corrected measurements were determined to be: 

 

RW1 = 1.18Ω 

LL1 = 13.52mH 

 

The secondary was evaluated in a similar manner using the impedance analyzer. These 

results, shown in Fig. 4, were determined to be as follows when corrected to 20oC: 

 

RW2 = 0.113Ω 

LL2 = 755μH 
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Fig. 3. Impedance analyzer results of the primary winding with the secondary winding in 

short circuit. 
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Fig. 4. Impedance analyzer results of the secondary winding with the primary winding in 

short circuit. 

Next, the values obtained using the impedance analyzer were verified using the short-

circuit impedance test. The short-circuit impedance test involves applying voltage to the 

primary winding of the transformer with the secondary winding still in short circuit. 

Sufficient voltage must be applied such that rated current flows in the windings; this is 

referred to as the impedance voltage. The winding resistance and leakage inductance can 

then be determined from real and reactive portions of the short circuit impedance using 

EQ. 1. 

𝑍𝑆𝐶 =
𝑉𝐼𝑀𝑃𝐸𝐷𝐴𝑁𝐶𝐸

𝐼𝑅𝐴𝑇𝐸𝐷
= (𝑅𝑊1 + 𝑅𝑊2) + 𝑗𝜔(𝐿𝐿1 + 𝐿𝐿1) 

EQ. 1 

The short circuit test was conducted using the Schneider Conext 5548 inverter to provide 

a 50Hz voltage source, with the 5kVA autotransformer used to adjust the voltage to 

deliver the short circuit current. No manufacturer’s data sheet was available for this 

device, thus there was no rated current. However, the average RMS current in the 

primary winding during active welding operations was observed to be approximately 

25A, so this value was chosen as the nominal current for performing the short circuit test. 

The impedance voltage required to circulate 25A in the primary winding was found to be 

approximately 117VRMS. The surface temperature of the windings at the time of the test 

was approximately 31.7oC. 

𝑍𝑆𝐶 = 4.69∠(73.6o) EQ. 2 
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𝑅𝑊1 + 𝑅𝑊2 = |𝑍𝑆𝐶|cos(∠Z𝑆𝐶) = 1.327Ω  

 

When corrected for temperature, the equivalent resistance at 20oC is approximately 

1.267Ω.  

 

Likewise, the leakage inductance can be found by: 

𝐿𝐿1 + 𝐿𝐿2 =
|𝑍𝑆𝐶|sin(∠Z𝑆𝐶)

𝜔
 = 14.32mH EQ. 3 

When comparing these values to the values found using the impedance analyzer, the 

winding resistance found by the short circuit method was within 2% of the sum of RW1 

and RW2 as found by the impedance analyzer. Likewise, the leakage inductance found by 

the short circuit test was within 0.3% of the sum of the leakage inductances found using 

the impedance analyzer. Therefore, we can have confidence in the results of these tests as 

they correlate strongly with one another. 

 

The voltage and current waveforms that were measured in the primary winding during 

the short-circuit test are plotted in Fig. 5. The amplitude spectrum, as determined by the 

Fast Fourier Transform (FFT) of the primary current is plotted in Fig. 6. These show that 

voltage and current distortion were fairly low during this test – Total Harmonic 

Distortion (THD) was calculated to be 3.4% for the voltage waveform and 1.2% for the 

current waveform. 

 

Fig. 5. Voltage and current waveforms for short-circuit test. 
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Fig. 6. Current FFT amplitude spectrum for short-circuit test. 

 

4.1.3 Core resistance and magnetizing inductance 

Core resistance (RC) and magnetizing inductance (LM) collectively account for the 

majority of ‘no-load losses’ experienced by transformers. The current drawn at no load is 

often referred the excitation current and is responsible for developing the flux in the 

transformer core. The parameters RC and LM were analyzed using the Keysight E4990A 

impedance analyzer. Excitation current was determined under expected field operating 

conditions – i.e., 220V, 50Hz. 

 

The E4990A impedance analyzer was connected to the primary winding of the 

transformer. The oscillator was set to current controlled output as this tends to yield more 

stable outputs when evaluating transformers and other highly inductive loads. The 

maximum oscillator output of 20mA was used to increase the signal-to-noise ratio of the 

measured impedance. A narrow frequency range (20Hz-100Hz) was chosen in order to 

remain in the linear region of the transformer and avoid saturation or resonant effects. 

Because the results were observed to vary slightly from one sweep to the next, an 

averaging function was used which averaged 16 consecutive sweeps to obtain the most 

accurate results. These are shown in the screen capture in Fig. 7. Unlike the short circuit 

tests, these results tended to demonstrate more instability, and were much more sensitive 

to frequency and oscillator level. The parameters can be most closely determined as: 

 

RC ≈ 1,010.5Ω 

LM ≈ 965.5mH 
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Fig. 7. Impedance analyzer results for the primary winding with the secondary winding in 

open circuit. 

Next, no-load (excitation) current was determined by applying 200V, 50Hz to the 

primary winding with the secondary winding in open circuit, as shown in Fig. 8.  

 

Fig. 8. Open circuit test schematic. 

The resulting voltage and current waveforms are shown in Fig. 9. These results show that 

the no-load current was significantly distorted. The amplitude spectrum as determined by 

the FFT, plotted in Fig. 10, indicates significant third and fifth harmonic content. Current 

THD was determined to be 59.4%. This increased harmonic content in the current 

waveform had an increase on voltage THD, raising it to 5.4%, whereas voltage THD 

during the short-circuit test was only 3.4%. 
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Fig. 9. No-load voltage and current waveforms. 

 

Fig. 10. No-load current amplitude spectrum. 

Based on the measured voltage and current, the equivalent impedance values for RC and 

LM were found to be: 

RC ≈ 691.0Ω 

LM ≈ 153.5mH 

 

Note that these are significantly different from the impedance measurement results. The 

impact of saturation was found to dramatically change the equivalent impedance. To 

further investigate the impacts of saturation, the magnitude the fundamental and third 

harmonic of the no-load current was determined under a wide range of voltage 

conditions, varying from 25VRMS to 240VRMS. The results, plotted in Fig. 11, show an 

approximately exponential relationship between voltage and current, as opposed to the 
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linear relationship that is typically governed according to Ohm’s Law. The third 

harmonic also shows evidence of an exponential rise in response to increasing excitation 

voltage. 

 

The characteristic impedance was also observed to vary significantly in response to 

different excitation voltage. As Fig. 12 shows, RC increased slightly from approximately 

1kΩ to a peak of 1.13kΩ at 100VRMS; above 100VRMS RC decreased at a rate of about 

4.1Ω/V. In contrast, LM was observed to increase by approximately 14mH/V up to a peak 

value of 2.3H at roughly 50VRMS, before exhibiting a non-linear decrease above 50VRMS. 

 

 
Fig. 11. Magnitude of no-load fundamental and third harmonic current vs. voltage. 

 



12 

 

 

Fig. 12. Open circuit resistance and inductance vs. excitation. 

The presence of harmonic content, particularly the third harmonic, was used as a proxy to 

determine the degree to which the transformer was saturated. Fig. 11 plots the percentage 

of third harmonic measured in the primary winding current versus the magnitude of the 

fundamental current. This plots shows that significant third harmonic was present, even at 

relatively low current magnitudes. Therefore, in order to accurately determine the linear 

parameters for the equivalent circuit, the analysis must be performed at low current 

amplitudes. 

 

 

Fig. 13. Percentage of primary current third harmonic vs. magnitude of fundamental. 

At rated voltage and frequency, the no-load (excitation current) was found to be: 
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INO-LOAD = 6.45 ∠86oA 

 

The corresponding no-load real and reactive losses of the transformer, at rated voltage 

and frequency, could then be determined as: 

 

PNO-LOAD = 69.63W 

QNO-LOAD = 997.7VAR 

4.1.4 Practical equivalent circuit 

Using the parameters found in 4.1.2 and 4.1.3, the practical equivalent circuit for the 

transformer operating in its linear region can be drawn as show in Fig. 14. The 

magnetization branch uses the values obtained from the impedance analyzer. These 

results are believed to reflect the most accurate parameters for the transformer operating 

in its linear region as the oscillator level was set to 20mA, and the impedance analyzer is 

capable of much higher precision and resolution at low current amplitudes compared to 

the current probe used for higher current measurements. 

 

 

Fig. 14. Transformer practical equivalent circuit, linear region. 

At rated voltage and frequency, the transformer core is saturated, which affects the 

equivalent impedance of the magnetization branch. Fig. 15 shows the practical equivalent 

circuit with RC and LM as determined at 220VRMS, 50Hz. 

 

 

Fig. 15. Transformer practical equivalent circuit at 220V, 50Hz. 

4.2 Steady-state efficiency 

Steady state efficiency was evaluated by running the transformer at rated voltage and 

frequency using the Schneider Conext 5548 inverter as a 50Hz voltage source with the 

autotransformer adjusted to provide 220VRMS to the primary winding. The secondary 

winding was connected to a programmable electronic load bank. Unfortunately, the load 

bank was limited to 36ARMS, which was not sufficient to drive the welding transformer to 

the high secondary currents observed during active welding. These were typically observed 
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to be approximately 25ARMS for the primary winding and 105ARMS for the secondary 

winding.  

 

The RMS load current was varied in 5A intervals from 5-35ARMS. The results, plotted in 

Fig. 16, demonstrate that efficiency steadily increases with load current, from a low value 

of 73.4% at 5A to a high value of 90.2% at 35A. This increase in efficiency as loading 

increases aligns with expectations, as no-load losses are typically fixed for a given voltage 

and frequency. At low loads, the no-load losses tend to dominate, reducing overall 

efficiency. However, with increasing load, the I2R load losses from the winding resistances 

tend to dominate, and the no-load loss is less significant. Efficiency was essentially flat 

between 30-35A. 

 

 

Fig. 16. Steady state efficiency vs. load current. 

Using the measured losses, core (no-load) loss found in 4.1.3 and the winding resistance 

found in 4.1.2, the stray losses can be found. These are given in Table II. 

Table II. Loss summary. 

 Core loss [W] Load loss [W] Stray loss [W] Total loss [W] 

5A 69.63 22.54 2.23 92.17 

10A 69.63 36.10 8.07 105.7 

15A 69.63 59.45 22.15 129.1 

20A 69.63 92.06 42.81 161.7 

25A 69.63 133.8 64.60 203.4 

30A 69.63 184.4 99.02 254.0 

35A 69.63 250.3 140.9 319.9 
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4.3 Temperature Rise Testing 

Most commercially available welders come have a manufacturer specified duty cycle, 

typically normalized to a 10 minute period. The duty cycle dictates the amount of time that 

the welder can be operated in a given 10 minute period in order to prevent overheating. For 

example, a welder with a 50% duty cycle may only be operated for five minutes out of 

every ten; it must be allowed to cool during the other five. 

 

The SMAW that was received from Kigali did not have a rated duty cycle, so it was 

subjected to a temperature rise test to quantify the temperature rise and fall characterization 

test in order to develop one. The test configuration resembled that of the short circuit test; 

the secondary winding was short-circuited with a short length of 2/0AWG conductor, and 

the primary winding was connected to the Schneider Conext 5548 inverter operating at 

50Hz. The autotransformer was adjusted until the current circulating in the primary 

winding was roughly equal to the average primary current that was observed during active 

welding (about 25ARMS). The experimental setup is shown in Fig. 17. 

 

 

Fig. 17. Experimental setup for temperature rise test. 
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Temperature rise was measured by observing the change in the primary winding resistance 

over time. Resistance increases with temperature, so the temperature rise of the winding 

could be calculated using EQ. 4. 

𝑇𝑤 =
𝑅

𝑅𝑜
(𝑘 + 𝑇𝑜) − 𝑘 EQ. 4 

Where: 

Tw =  Average winding temperature (oC) 

Ro =  Initial winding resistance (Ω) 

To = Initial winding temperature (oC) 

R = Measured hot winding resistance 

k =  229 for transformers with a mix of aluminum and copper 

 

The temperature rise test was conducted after the welding transformer had sat idle for a 

period of several hours, such that the internal winding temperature could be assumed to be 

equal to the surface temperature. The surface temperature was established using the 

Tacklife IT-T05 infrared thermometer, and the corresponding initial winding resistance 

was determined using the Keysight E4990A impedance analyzer using the same procedure 

as in 4.1.2. Full current (25ARMS) was applied to the primary winding in three minute 

intervals. In between each three minute interval, the transformer was de-energized, and the 

winding resistance was determined using the impedance analyzer. This led to the 

transformer being de-energized for approximately 30s while the readings were being taken; 

during this period, the winding temperature may have decreased by 0.5-0.8oC. 

 

Although in the field these welding transformers are operated in free air, it was deemed 

unsafe to conduct the temperature rise test in this manner. For this reason, the testing was 

performed with the welder inside the polycarbonate enclosure with the lid closed. It must 

be acknowledged that operating the transformer inside the enclosure will greatly increase 

the overall temperature rise compared to operating in free air. These results can therefore 

be taken as conservative or “worst case” values.  

 

Electrical cellulose insulation (such as kraft paper or crepe paper) is typically rated for 

90oC (formerly IEC thermal class Y) or 105oC (formerly IEC class A). The insulation class 

for this transformer was unknown. The first temperature rise test was conducted until the 

winding temperature was determined to be approximately 105.1oC. At this temperature, 

significant discoloration of the insulation was observed, indicating that the insulation was 

experiencing thermal damage. It was therefore determined that this insulation is only 

suitable for a maximum temperature of 90oC. Fig. 18 shows a photo of the discoloration; 

note that the exposed conductor was the result of insulation abrasion during shipping, and 

not the temperature rise test.  
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Fig. 18. Discoloration of insulation due to excessive temperature rise. 

The temperature rise can be observed in Fig. 19 which plots the primary winding 

temperature vs. time. 

  

 

Fig. 19. Primary winding temperature vs. time, rising. 

The temperature rise as a function of time can be closely approximated by the quadratic 

equation EQ. 5. 

𝑇𝑅𝑖𝑠𝑒(𝑡) = −0.0621𝑡2 + 5.31𝑡 + 16.6 EQ. 5 
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Next, the transformer was de-energized, and resistance measurements were taken in five 

minute intervals to plot the temperature fall, starting at 90oC. These results are plotted in 

Fig. 20. 

 

 

Fig. 20. Primary winding temperature vs. time, falling. 

Temperature fall as a function of time can be approximated by the cubic equation EQ. 6. 

𝑇𝑅𝑖𝑠𝑒(𝑡) = −1.11 ∗ 10−4𝑡3 + 2.48 ∗ 10−2𝑡2 − 2.11𝑡 + 107 EQ. 6 

Using these equations, the temperature rise and fall for different duty cycles was simulated, 

assuming a fixed constant duty cycle for an eight hour shift. The simulations began with an 

ambient temperature of 25oC. The results for a 30% duty cycle are plotted in Fig. 21. 
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Fig. 21. Simulated temperature rise at 30% duty cycle for eight hour shift. 

These results show that, for the first three hours of use, the temperature rise will exceed the 

temperature fall, leading to an overall increase in winding temperature. After this, the 

temperature rise and fall will cancel each other out during each 10 minute period, and the 

winding temperature will remain within 77-88oC over the course of each period for the 

duration of the shift. Note that the upper end of this range, 88oC, is very close the 

maximum allowable temperature of 90oC. Therefore, if prolonged use of the welder in an 

enclosed area is anticipated, a 25% duty cycle should be maintained. 

 

The results for a 25% duty cycle are plotted in Fig. 22 and show a peak winding 

temperature of 79.2oC. 
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Fig. 22. Simulated temperature rise at 25% duty cycle for eight hour shift. 

4.4 Welding Performance Testing 

Two rounds of active welding were performed using the SMAW. The first was done for 

the purposes of determining baseline expected values for peak and average current, active 

and reactive power, and power factor. In the second round of testing, voltage and current 

waveforms were collected on both the primary and secondary windings, and a variety of 

steady-state average power metrics were recorded.  

 

The SMAW was set up in the welding shop connected to a 50A, 208V, 60Hz outlet. 

Welder testing was conducted at 60Hz, rather than 50Hz, due to the impracticality of 

installing a 50Hz source in the welding shop. Welding was conducted using E6013 

welding rods as these are suitable for low current, sheet metal welding. Steel plate and 

steel angle stock that was available on hand was used. The E6013 rods were used to weld 

beads onto the steel plate. In each test, the arc length was maintained until the welding rod 

was completely expended. A photo of the welder testing is included in Fig. 23. 

 

People performing welding work in Africa often lack basic protective equipment, 

including appropriate welding face shields. As a result, the arc lengths tend to be longer, as 

the welder cannot see the tip of the electrode. For this reason, welding testing was 

performed with two arc lengths: a short arc, where the tip of the welding electrode was 

barely above the steel plate, and a longer arc, where the tip of the welding electrode was 

maintained at approximately 1/8” above the steel plate.  

 

Two sets of measurements were taken using a Bitronics M572 power meter. Steady state, 

average values were recorded at a rate of two samples per second for a variety of power 

and power quality metrics. Waveform data was also captured for primary and secondary 

voltage and current at a rate of 128 samples per cycle (7.68kS/s). The results for these two 

tests are summarized in Table III. 
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Fig. 23. Photo of active welding testing. 

 

Table III. Welding performance test results 

 Short arc 1 Short arc 2 Long arc 1 Long arc 2 

Primary current, avg. [ARMS]  24.51 23.65 17.31 18.69 

Primary current, peak [A] 61.20 64.49 59.91 60.34 

Secondary current, avg. [ARMS] 99.35 95.56 68.23 74.64 

Secondary current, peak [A] 192.8 224.6 219.2 173.2 

Primary real power, avg. [W] 3,199 3,066 2,389 2,597 

Primary real power, peak [W] 4,542 4,319 4,167 4,127 

Secondary real power, avg. [W] 2,268 2,189 1,818 1,955 

Secondary real power, peak [W] 2,895 2,954 2,884 2,800 

Primary reactive power, avg. [VAR] 3,917 3,671 2,557 2,732 

Primary reactive power, peak [VAR] 7,443 7,458 7,417 7,414 

Secondary reactive power, avg. 

[VAR] 

359.3 427.7 410.2 435.3 

Secondary reactive power, peak 

[VAR] 

1,164 1,148 1,150 1,524 

Primary current THD [%] 12.6 4.9 2.3 10.7 

Primary power factor, avg. 0.63 0.64 0.68 0.69 
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Energy [Wh] 56.42 60.46 62.72 66.72 

Weld length [cm] 15.24 15.56 22.23 26.04 

Throughput [Wh/cm] 3.702 3.888 2.822 2.563 

Efficiency 70.9% 71.4% 76.1% 75.3% 

 

For the short arc tests, primary current was between 23.5-25ARMS, average, with peaks in 

the 55-60A range. Average input power around 3.1kW, 0.64 PF lagging. However, as  

Fig. 24 shows, real and reactive power varied significantly during the course of welding, 

with brief surges up to 4.5kW, as well as periods where the arc extinguished and power fell 

to near zero, before rising again. Current distortion was much lower during active welding 

compared to open circuit current, which had significant third and fifth harmonic content. 

An example of the voltage and current waveforms is plotted in Fig. 25. Fig. 26 shows the 

welds created using the short arcs. The welds created were approximately 15.5cm 

(approximately 6”) and consumed 56-60Wh, or around 3.8Wh/cm of welding. Welder 

efficiency, taken as the ratio of measured output power to input power, was approximately 

71%.  

 
Fig. 24. Real and reactive power for short arc test. 
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Fig. 25. Primary winding voltage and current waveforms for short arc test. 

 

Fig. 26. Bead on plate welds created by short arc. 

Longer arcs consumed less power overall, about 2.5kW at 0.68PF, lagging; peaks over 

4kW were observed. Maintaining a consistent arc was more difficult, and more 

extinguishing events can be observed in the real and reactive power results plotted in  

Fig. 27. Primary and secondary currents were about 25% lower than the short arc test; 

primary voltage and current waveforms can be seen in Fig. 28. Welding efficiency was 

higher, about 75%, and longer welds could be performed – about 22-26cm. Overall, the 

throughput when using a longer arc was much greater, about 2.7Wh/cm compared to 

3.8Wh/cm when using a short arc. However, the longer arc produced a lower quality weld. 
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It was less uniform and had a “choppy” appearance, and there was more slag deposited on 

the steel. 

 
Fig. 27. Real and reactive power for long arc test. 

 
Fig. 28. Primary winding voltage and current waveforms during long arc test. 
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Fig. 29. Bead on plate welds created by long arc. 

Temperature rise was similar to what was observed during the temperature rise test, 

approximately 4oC/min. A thermal image taken after welding is shown in Fig. 30. 

 

 

Fig. 30. Thermal image of SMAW immediately after welding. 
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Appendix A: Data file description
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The complete data results that were captured during testing can be found in “Stick Welder Test 

Data_CSU2018.xls”. This workbook combines the data results for all testing, with one sheet per test. Data for 

20 tests total are included. These are: 

 

• Short Arc Steady State 1 – Steady state data values while welding using a short welding arc 

• Short Arc Steady State 2 – Steady state data values while welding using a short welding arc 

• Short Arc Waveform 1 – High frequency waveform capture of input voltage and current while welding 

using a short welding arc 

• Short Arc Waveform 2 – High frequency waveform capture of input voltage and current while welding 

using a short welding arc 

• Long Arc Steady State 1 – Steady state data values while welding using a long welding arc 

• Long Arc Steady State 2 – Steady state data values while welding using a long welding arc 

• Long Arc Waveform 1 – High frequency waveform capture of input voltage and current while welding 

using a long welding arc 

• Long Arc Waveform 2 – High frequency waveform capture of input voltage and current while welding 

using a long welding arc 

The data columns for the steady state data are as follows: 

• Column A – Elapsed time in seconds. Each test starts from time t=0 

• Column B – RMS line to neutral voltage for primary winding, line 1 

• Column C – RMS line to neutral voltage for primary winding, line 2 

• Column D – RMS line to line voltage for primary winding 

• Column E – RMS current for primary winding, line 1 

• Column F – RMS current for primary winding, line 2 

• Column G – Active power for primary winding 

• Column H – Reactive power for primary winding 

• Column I – Apparent power for primary winding 

• Column J – Power Factor for primary winding 

• Column K – Frequency of input voltage to primary winding 

• Column L – Total Harmonic Distortion (THD) for primary winding voltage 

• Column M – Total Harmonic Distortion (THD) for primary winding current 

• Column N – RMS line to neutral voltage for secondary winding, line 1 

• Column O – RMS line to neutral voltage for secondary winding, line 2 

• Column P – RMS line to line voltage for secondary winding 

• Column Q – RMS current for secondary winding, line 1 

• Column R – RMS current for secondary winding, line 2 

• Column S – Active power for secondary winding 

• Column T – Reactive power for secondary winding 

• Column U – Apparent power for secondary winding 

• Column V – Power Factor for secondary winding 

• Column W – Total Harmonic Distortion (THD) for secondary winding voltage 

• Column X – Total Harmonic Distortion (THD) for secondary winding current 

The data columns for the waveform data are as follows: 

• Column A – Elapsed time in seconds. Each test starts from time t=0 

• Column B – Instantaneous line to neutral voltage for primary winding, line 1 

• Column C – Instantaneous line to neutral voltage for primary winding, line 2 
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• Column D – Instantaneous line to line voltage for primary winding 

• Column E – Instantaneous line to neutral voltage for secondary winding, line 1 

• Column F – Instantaneous line to neutral voltage for secondary winding, line 2 

• Column G – Instantaneous line to line voltage for secondary winding 

• Column H – Instantaneous current for primary winding, line 1 

• Column I – Instantaneous current for primary winding, line 2 

• Column J – Instantaneous current for secondary winding, line 1 

• Column K – Instantaneous current for secondary winding, line 2 
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1. Objective 

The purpose of this document is to outline the preferred method for testing agricultural grain 

mills driven by brushed or brushless Direct Current (DC) motors, or by AC induction motors. 

1.1. Scope 

This testing is for determining the electrical parameters and characteristics, overall 

efficiency, and general performance characteristics for the grain mill under test. Photos 

of the output are recommended, but a comprehensive, objective quality assessment of 

the crushed grain and/or flour output is outside the scope of this document. Methods for 

determining segregated motor losses are not addressed as part of this methodology. 

These and other miscellaneous motor tests are covered by the standards IEEE 113 for 

DC motors, and IEEE 112 and IEEE 114 for poly-phase and single-phase induction 

motors, respectively. 

2. Instrumentation 

It is recommended that all measurements be taken using electronic instruments with analog 

outputs that can be read and recorded by a data logger. 

2.1. Voltage 

Voltage measurements should be made at or as near to the terminals as possible. If, for 

some reason, they cannot be, then the error should be evaluated and subsequent readings 

corrected. Tests should be conducted at rated voltage for the motor.  

2.2. Current 

Current measurements can be made with in-line current sensors or current transformers 

if the magnitude of the measured current is too high. Hall effect sensors may also be 

used. For appliances with DC motors, DC compatible current sensors must be used. 

Current draw by instruments, such as volt and/or watt-meters, should be subtracted to 

obtain the net motor current. 

2.3. Power 

Power measurements can be made using a dedicated watt-meter. For DC motors, power 

can be calculated by taking the product of Voltage (as measured in 2.1) and current (as 

measured in 2.2). 

2.4. Speed 

Motor and mill speed measurements can be made using tachometers, frequency-

responsive devices, or magnetic pickups. Stroboscopes are discouraged due to 

uncertainty in precision and limited accuracy. 

2.5. Torque 

Torque measurements may be made using transmission dynamometers, torsion 

dynamometers, strain gauge type torque measuring devices, calibrated motors, or other 

methods of acceptable accuracy. 

 

If a dynamometer is being used, its rating should not exceed three times the rating of the 

mill motor, and the rated torque of the dynamometer should not be greater than four 

times the maximum rated motor torque. Additionally, the dynamometer should be 

sensitive to a change in torque less than or equal to 0.1% of the rated motor torque. 
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2.6. Temperature 

Temperature may be measured using electric or mercury thermometers, or by using 

thermocouples or Resistance Temperature Detectors (RTDs). 

2.7. Weight 

Accurate scales, either electrical or mechanical, should be used for determining the 

weight of the unprocessed grain input and processed output. 

2.8. Moisture content 

Moisture content of the grain should be assessed prior to beginning testing. A resistive 

or capacitive moisture meter is recommended. Moisture probes should only be used for 

bulk grain, where the insertion depth is greater than 0.5m. 

2.9. Audible noise 

A decibel meter should be installed to monitor audible noise levels generated by the mill 

during testing. 

2.10. Electromagnetic noise 

Electronic instruments feature higher input impedance than passive instruments, which 

means they draw less current, thereby reducing the need to make corrections for current 

drawn by the instrument. They are, however, more susceptible to electromagnetic noise.  

 

Common noise sources include: 

• Inductive or electrostatic coupling of signal leads to power circuits 

• Inadequate common mode rejection 

• Common impedance coupling or ground loops 

• Conducted interference from power circuits 

Good practices for minimizing electromagnetic noise should be adhered for all 

electronic instruments. These include: 

• Using shielded, twisted pair wires for signal leads 

• Grounding the shield at only one point 

• Maintaining as much distance as is practical between signal leads and power 

cables 

• Grounding all exposed metal parts 

2.11. Accuracy 

Instrument error is rated as a percentage of the full scale for the measurement 

instrument. For this reason, it is important to size measurement instruments 

appropriately such that the full scale of the instrument is close to the expected range of 

operating values. Instrument transformers should be avoided if possible because they 

can inject additional error into measured values. If instrument transformers are used, 

their error must not exceed ±0.3%. 

Accuracy for all measurement devices must adhere to the values specified in Table 1. 
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Table 1. Instrument accuracy requirements. 

Measured Value Accuracy of the instrument as a 

percentage of the values 

Voltage ±0.2% 

Current ±0.2% 

Power ±0.2% 

Frequency ±0.05% 

Resistance ±0.2% 

Torque ±0.7% 

Motor speed ±0.3% or 1.0 rpm, whichever is less 

 

2.12. Calibration 

The recommended calibration intervals found in Table 2 should be followed for all 

instruments and measurement equipment, unless they differ from manufacturer’s 

recommendations, in which case the manufacturer’s recommended calibration interval 

shall be used. 

Table 2. Instrument calibration intervals. 

Instrument type Calibration interval 

Electrical parameters 

Voltage 12 months 

Current 12 months 

Power 12 months 

Frequency 12 months 

Resistance 12 months 

Mechanical torque 

Dynamometer with scale 6 years 

Dynamometer with load 

scale 

6 months 

Torque bar 1 year 

Calibrated motor Not required 

Strain gauges 6 months 

Rotational speed 

Tachometers 3 years 

Eddy current drag 10 years 

Electronic (gear teeth) Not required 

Temperature 

Electric Electric 

Mercury Mercury 

 

3. Test Configuration 

An example diagram showing a hammer mill is shown in Figure 1. 
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Figure 1. Test configuration diagram. 

3.1. Description of testing components 

This section describes the various aspects of the testing setup shown in Figure 1. 

3.1.1. Input hopper 

The grain level in the input hopper should be continuously fed during operation to 

maintain a constant level of grain flow during the test. At no point should the 

machine be allowed to run empty (no-load) during testing. If a hopper is used 

other than what is provided as part of the mill under test, care should be taken 

such that the hopper allows for smooth mass flow, rather than restricted ‘funnel-

flow’. Funnel flow is characterized by stagnant areas that form around the 

periphery of the hopper and are undesirable for testing.   

3.1.2. Decibel meter 

A decibel meter should be installed approximately one meter from the mill under 

test. Audible noise levels should be recorded under no-load conditions and while 

the mill is operating normally. 

3.1.3. Output catchment 

A suitable catchment vessel should be provided to capture and hold all output 

from the test such that the mill is able to run continuously for the entire length of 

the test 

3.1.4. Current sensor 

An in-line, Hall effect, or current transformer-type current sensor meeting the 

requirements in section 2 shall be used to monitor the AC or DC input current to 

the mill motor. 
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3.1.5. Voltage sensor 

The input voltage to the mill motor shall be monitored either directly or by means 

of a voltage divider, or an AC or DC voltage transducer, meeting the requirements 

in section 2. 

3.1.6. DC power supply 

For mills with DC motors, the DC power supply shall be capable of supplying 

rated voltage and power to the mill motor, and must be essentially ripple free. To 

be considered ripple free, the peak-to-peak value of the AC current component 

shall be less than 6%, or the RMS value less than 2%, of the rated current of the 

test motor under all test conditions.  

3.1.7. AC power supply 

An AC power supply capable of supplying the full load current of the mill motor 

at the rated voltage and frequency shall be provided. The voltage waveform 

should be as close to purely sinusoidal as possible; voltage waveform deviation 

should not exceed 10%. The frequency should be maintained within ±0.5% of the 

required testing value. When evaluating motor efficiency, the rated frequency 

must be within ±0.5% of the required test value. 

4. Motor Tests 

This section outlines test procedures for electrically characterizing the motor used to drive 

the mill. This section outlines test procedures that are applicable to both DC and AC motor 

types. Tests methodologies that are specific to DC motors are detailed in 5. If the motor uses 

an AC induction motor, the procedures in 6 should be followed.  

4.1. Winding resistance measurement 

The electrical resistance of the motor windings should be established in order to estimate 

conduction (I2R) loss in the machine, as well as determining temperature rise in the 

windings. The resistance measurement should be determined using a high precision 

milliohm meter, impedance analyzer, or via a Wheatstone bridge. Resistance 

measurements should be taken under “cold” conditions when the motor has sat idle for 

sufficient time such that the winding temperature is equal to ambient air temperature. All 

resistance measurements should be corrected to a standard reference temperature of 

25oC. Temperature correction should be calculated using EQ. 1: 

𝑅𝑠 =  
𝑅𝑡(𝑡𝑠 + 𝑘)

(𝑡𝑡 + 𝑘)
 

EQ. 1 

Where: 

Rs=  Resistance of winding measured at specified reference temperature ts (Ω) 

Rt =  Resistance of winding at measured temperature tt (Ω) 

ts = Specified reference temperature (25oC) 

tt = Measured temperature (oC) 

k =  234.5 for copper 

 224.8 for aluminum 
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Resistance measurements may be made using a sufficiently accurate, calibrated precision 

resistance meter or impedance analyzer, or by the bridge method. The voltage drop 

method is an acceptable alternate method. 

4.1.1. Precision resistance meter or impedance analyzer 

A digital precision milli-ohm or micro-ohm meter or impedance analyzer with a 

resolution of ≤ 0.1mΩ and an accuracy of ±0.2% may be used for resistance 

measurements. Four wire resistance measurements should be made to compensate 

for lead resistance. Resistance measurements should be made as close to the 

motor terminal windings as possible, with an ambient temperature at or near 25oC. 

4.1.2. Bridge method 

The bridge method is the preferred method for measuring low resistances with 

high accuracy, without the high equipment cost of a precision resistance meter or 

impedance analyzer. The Wheatstone bridge circuit, shown in Figure 2, is 

typically used for high precision measurements of resistance ≥ 1Ω.  

 

 

Figure 2. Wheatstone bridge. 

Two known resistors, R1 and R2, are connected to the unknown winding resistance 

RX, along with an adjustable resistor R3. A detector (either current or voltage) is 

connected between the two nodes as shown. When the circuit is balanced, there 

will be no voltage nor current flow through the detector. When this occurs, the 

unknown resistance RX can be calculated by EQ. 2. 

 

𝑅𝑋 =
𝑅2𝑅3

𝑅1
 EQ. 2 

For resistances < 1Ω the lead wire resistances should be compensated for; the 

Kelvin bridge, shown in Figure 3 is therefore recommended. 
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Figure 3. Kelvin bridge. 

In this case, the unknown resistance RX can be calculated by EQ. 3: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
+ [

𝑅𝑏𝑅𝑦

𝑅𝑎 + 𝑅𝑏 + 𝑅𝑦
] [

𝑅𝐴

𝑅𝐴
−

𝑅𝑎

𝑅𝑏
] EQ. 3 

Where Ry is the resistance of all the associated wires and leads (yoke). For this 

reason, yoke resistance should be minimized as much as possible. Assuming Ry is 

negligible and RA/RB exactly equals Ra/Rb, EQ. 3 can be simplified and rewritten 

as EQ. 4: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
 EQ. 4 

4.1.3. Voltage Drop Method 

This method may be alternatively be used if a precision resistance meter or bridge 

resistance measurement device is unavailable. The results, however, will not be as 

accurate relative to the aforementioned methods. In this method, a DC voltage 

source is connected to the motor windings. This DC source can be a switching 

power supply, battery, filtered rectifier, or other suitable supply, but should be 

relatively ripple-free. The resulting current is measured, along with the voltage 

across the winding, and the resistance is calculated according to Ohm’s law. The 

current should not exceed 15% of the rated current to prevent temperature rise in 

the windings, which will skew the results. An optional resistor may be added in 

series with the winding to reduce the current flow. A diagram of the circuit for the 

voltage drop method is shown in Figure 4. 
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Figure 4. Voltage drop method 

4.2. Winding temperature rise 

In order to determine the temperature rise in the machine windings, the motor under test 

should be run with all covers in place, in a test environment with sufficient space for 

heat dissipation and no drafts. The machine should be run at rated voltage and load until 

winding temperature has stabilized. Readings should be taken at least once every 30 

minutes, and are said to have stabilized when they do not vary more than 2% for three 

consecutive readings spaced at least 30 minutes apart. 

Winding surface temperature is typically much lower than the internal temperature; 

therefore, the most reliable method of measuring temperature rise is by accurately 

measuring the winding resistance. Winding resistance measurements should be taken 

using any of the methods described in section 4.1. Measurements should be made 

quickly to avoid stopping the motor for a prolonged period of time, such that winding 

temperature is maintained. For machines ≤ 50kW readings should be taken within 60s. 

4.3. Efficiency 

Efficiency refers to the ratio of output power to input power. In the case of the mill 

motor, it represents the percentage of electrical power that is translated to mechanical 

power to the mill. Efficiency may be calculated by directly measuring input and output 

power, and taking the ratio of them (as shown in EQ. 5), or by separately determining the 

individual sources of loss (as shown in EQ. 6). 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] =  [
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
] ∗ 100% EQ. 5 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] =  [
𝑃𝐼𝑁 − 𝑃𝐿𝑂𝑆𝑆

𝑃𝐼𝑁
] ∗ 100% EQ. 6 

 

Efficiency data should be determined at rated voltage and speed. Measurements should 

be taken after the motor has been running at rated load for sufficient time to allow the 

winding temperature to stabilize. See 4.2 for how to determine winding temperature rise 

and how temperature stabilized is determined. 

 

Motor efficiency shall be determined at six points ranging between 25-150% of rated 

load. Specifically, these points shall be approximately: 25%, 50%, 75%, 100%, 125%, 
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and 150% of rated load. Machine loading should begin with the highest loading, and 

points taken in descending order. Winding temperature shall be within 10% the hottest 

measured temperature rise as found in 4.2.  

 

The specific parameters to be recorded at each load point differ between DC and AC 

motor types. Specific methods for accomplishing the machine loading also vary based on 

the type of motor being tested. DC motor efficiency test procedures are defined in 5.5 

while those for AC motors can be found in 6.3. 

5. DC Motor Tests 

This section describes tests and test procedures that are unique to mills with brushed or 

brushless DC motors. 

5.1. Winding inductance measurement 

The winding inductance may be determined directly through the use of an impedance 

analyzer, or analytically. If determined analytically, the methodology used varies based 

on the specific construction of the machine under test. 

5.1.1. Shunt and compound-wound machines 

For these types of machines, the unsaturated inductance can be found by applying 

single phase 50 Hz or 60 Hz AC to the armature circuit terminals of the motor. 

The shunt-field winding should be short-circuited to prevent high voltages from 

developing within the windings. The armature should be locked in place during 

testing to prevent motion. 

 

Three values of current, equally spaced, should be applied, with the largest not to 

exceed 20% of the current rating of the motor. An oscilloscope is required to 

measure the phase angle between the corresponding voltage and current 

waveforms. The inductance can be calculated by EQ. 7: 

𝐿 =  
𝑉𝑠𝑖𝑛𝜃

𝜔𝐼
 

EQ. 7 

Where 

L =  Inductance (H) 

V = Voltage (V) 

I = Current (A) 

θ =  Phase angle between the voltage and current (o) 

ω = Frequency times 2π (rad/s) 

5.1.2. Series excited machines 

For series excited machines, the armature circuit inductance varies widely with 

frequency, and with the magnitude of the DC and AC current components. 

Therefore, inductance values for frequencies other than the test frequency cannot 

be determined analytically using the method described in 5.1.1. For these 

machines, an impedance analyzer is recommended for characterizing the 

inductance over a broader frequency range. 
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5.2. Magnetic saturation 

The no-load magnetic saturation curve for the mill motor refers to the nonlinear 

relationship between the terminal voltage of the armature and the field current at rated 

speed. The motor may be separately driven or self-driven during this test. 

 

Data points should be taken at regularly spaced intervals from zero field current up to 

125% of rated voltage, with three of the readings taken as near as possible to 90%, 

100%, and 110% rated voltage. Field current, armature voltage, and machine speed 

readings should be recorded during the duration of the test. 

 

In order to avoid hysteresis effects skewing the results, measurements should be taken 

on separate ascending and descending curves. While on the ascending curve, the 

armature terminal voltage should only increase from one point to the next. If the voltage 

exceeds the intended test point while on an ascending curve, the field current must be 

reduced to zero and the armature terminal voltage should be increased to the test point. 

Similarly, while on the descending curve, the voltage should only be decreased; it should 

never be taken below the intended test point and then increased. If necessary, the field 

current must be increased to the maximum value and the armature terminal voltage 

decreased to the intended test point. 

5.2.1. Separately driven 

For separately driven tests, the machine should be driven at rated speed by any 

suitable source. Field current should be supplied from a separate source to 

stabilize the armature terminal voltage. 

5.2.2. Self-driven 

In cases where an acceptable separate drive is available, a no-load saturation 

curve may be approximated by driving the uncoupled mill motor using a ripple-

free DC power source capable of operating between 25%-125% of the rated motor 

voltage. In this case, some field current will be required to maintain the machine 

speed, so the results will not be as exact as those obtained by the separately driven 

method mentioned in 5.2.1.  

5.3. Voltage vs. rotational speed 

For DC motors, the rotational speed is directly proportional to the input voltage. A no-

load voltage vs. RPM curve should be created using an adjustable, ripple-free DC power 

supply. The lower boundary for the curve should be the voltage that most closely 

corresponds to 50% of the rated speed, and increased to 125% of rated voltage.  

5.4. Speed regulation 

Speed regulation refers to the effects of machine loading on the rotational speed of the 

motor. The test should be conducted after the motor has been running continuously at 

rated load for sufficient time such that the winding temperature has stabilized. The 

machine loading should be varied several times from full load to no load and back, and 

the machine speed should be recorded. Speed regulation can then be calculated by EQ. 8. 

𝑆𝑝𝑒𝑒𝑑 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [%] =  [
𝜔𝑛𝑜 𝑙𝑜𝑎𝑑 − 𝜔𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑

𝜔𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑
] ∗ 100% 

EQ. 8 
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Where ω is the rotational speed of the machine. 

5.5. Efficiency 

Efficiency characterization shall be determined at six load points as defined in 4.2. At 

each load point the following values shall be recorded: 

1. Voltage input to power supply 

2. Voltage input to armature circuit 

3. Current input to armature circuit 

4. AC component of armature circuit current 

5. Power input to armature current 

6. AC component of power input to armature circuit 

7. Voltage input to shunt-field circuit 

8. Current input to shunt-field circuit 

9. Power input to shunt-field circuit 

10. Speed 

11. Torque 

12. Armature temperature or resistance 

13. Field-coil temperature or resistance 

14. Ambient temperature 

 

Machine loading can be accomplished via a brake, dynamometer, through the pumpback 

method. 

5.5.1. Machine loading 

Machine loading can be accomplished in a number of different ways. The first 

method is to use a brake and pulley to provide loading to the motor. The motor 

can also be loaded using a dynamometer and torque meter. In this case, the 

mechanical power can be calculated from EQ. 9: 

𝑃𝑚𝑒𝑐ℎ = 𝜏 ∗ 𝜔 EQ. 9 

Where τ is the measured torque in Newton-meters (Nm) and ω is the rotational 

speed in radians per second (rad/s). 

 

If a dynamometer is used, it must be rated to less than or equal to three times the 

power rating of the machine being tested, and it must be sensitive to a torque that 

is at least 0.1% of the rated torque of the machine under test. 

 

A third option is to use the Pump-back method, which requires two duplicate 

machines. The two machines can be coupled together and electrically connected 

as shown in Figure 5. 
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Figure 5. Pump-back test system diagram. 

In this configuration, one machine is operated as a generator while the other acts 

as a motor. The main power produced by the generator is pumped back into the 

system via the motor, and the DC power supply only supplies the system losses. 

An optional booster generator can be used to stabilize the system voltages. 

In the diagram in Figure 5, six power resistors are shown to represent the six load 

steps at which measurements will be taken. The normally open (N.O.) contacts 

can be manually or remotely operated during testing. 

5.5.2. Segregated loss method 

For large machines where direct calculation of machine efficiency may not be 

possible, efficiency can be determined by measuring each source of loss 

individually. These sources of loss include: 

• Armature I2R loss 

• Series connected winding I2R 

• Brush contact 

• Stray load 

• Shunt field I2R 

• Rheostat 

• Exciter 

• Rotational core 

• Brush friction 

• Friction and windage 

• Ventilating 

The methods for testing and measuring each loss source is beyond the scope of 

this document, and can be found in IEEE-113. 

5.6. Torque-current characterization curve 

The torque-current characterization is the relationship between the field current drawn 

by a DC motor at a particular mechanical load (torque). The machine can be loaded in 

any of the methods described in 5.5.1. Data points should be gathered at the six load 

points used to evaluate machine efficiency. If it is anticipated that this motor might run 

on DC power source with a variable voltage output, such as a solar photovoltaic array, 

these curves should be generated for each voltage value that will be used for mill  testing 

(see 7.2 for a description of how to determine these voltages). 
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6. AC Induction Motor Tests 

This section describes the tests used to characterize an AC induction motor for mills. A 

common equivalent circuit model for an induction motor is shown below in Figure 6. 

 

 

Figure 6. Equivalent circuit for an induction motor (single-cage rotor model). 

The equivalent circuit shown in Figure 6 is a single-cage rotor model, which is sufficient for 

predicting the motor characteristics in the normal operational range. If low speed and/or 

motor starting characteristics are of particular interest, a double-cage model should be used 

(see [4]). 

 

The key parameters of this model are: 

• Stator winding resistance (Rws) – the electrical resistance of the stator winding. This 

value contributes to load losses in the motor that increase with the square of the 

operating current (I2R losses). This is found in 0. 

• Stator and rotor winding leakage inductance (Lls and Llr) – this is a self-reactance in 

the stator and rotor windings that contributes to voltage drop, and hence loss, in the 

motor windings. These are found in 6.1. 

• Core loss resistance (RC) – some real power is lost in the motor core, which can be 

represented by a shunt core loss resistor. Core losses tend to be insensitive to motor 

loading, and can be assumed to be essentially constant regardless of motor load. This 

is found in 6.1.1. 

• Magnetizing inductance (LM) - a certain amount of reactive current is required to 

maintain the motor excitation, which can be represented as an additional shunt 

inductor. This is found in 6.1.1. 

• Slip (s) – this is the difference between synchronous speed and measured rotational 

speed of the motor. It is typically as a per unit value relative to synchronous speed, as 

shown in EQ. 10.  

𝑠 =
𝑛𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠− 𝑛𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑛𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠
  EQ. 10 

 

• Rotor winding resistance (Rwr) - the electrical resistance of the rotor winding, which 

is inversely proportional to slip. This value contributes to load losses in the motor that 

increase with the square of the operating current (I2R losses). This is found in 6.1. 

6.1. Locked-rotor tests 

Running the motor with the rotor locked allows winding resistance and reactance values 

to be determined. The rotor should be locked to prevent rotation, using any available 
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means, such as a brake, dynamometer, or torque table. During locked rotor, the 

magnetizing branch can be neglected, and slip is one per unit (s=1pu), such that the 

equivalent circuit can be drawn as shown in Figure 7. 

 

 

Figure 7. Induction motor locked-rotor equivalent circuit. 

A variable AC voltage source with rated frequency is required. The applied voltage 

should start at zero, and should be slowly increased until rated current is measured. The 

voltage at which rated current is achieved should be noted and recorded as the locked-

rotor voltage (VLR). The equivalent impedance (ZLR) can then be determined from EQ. 11. 

𝑍𝐿𝑅 =
𝑉𝐿𝑅

𝐼𝑅𝐴𝑇𝐸𝐷
 EQ. 11 

Using this, along with the stator winding resistance found in 0, the rotor winding 

resistance can be calculated using the real part of ZLR as shown in EQ. 12. 

𝑅𝑤𝑟 = 𝑅𝑒{𝑍𝐿𝑅} − 𝑅𝑤𝑠 EQ. 12 

Assuming Lls is equal to Llr, these can be found by from the imaginary part of ZLR using 

EQ. 13. 

𝐿𝑙𝑠 = 𝐿𝑙𝑟 =
1

2𝜔
𝐼𝑚{𝑍𝐿𝑅} 

EQ. 13 

6.1.1. Locked rotor current and torque 

The locked rotor current [also referred to as Locked Rotor Amps (LRA)] should 

be determined at rated frequency and within ±5% of rated voltage. Note that this 

test is potentially destructive, so all readings must be made as quickly as possible. 

All readings must be taken within 5s of applying voltage. 

 

The locked rotor torque will vary as a function of angular position of the rotor 

with respect to the stator. For this reason, determining the locked rotor torque 

requires making several measurements, with the rotor adjusted approximately 1/8 

turn between each reading. The results should then be plotted as a torque versus 

angular position plot. The locked rotor torque is defined as the minimum torque 

developed at rest in any angular position of the rotor. 
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6.2. No-load test 

Running the unloaded motor allows the no-load losses to be determined. No load losses 

are the sum of stator resistive loss, rotor resistive loss, core loss, and friction and 

windage losses. No load testing can also be used to find RC and LM parameters. There are 

two different ways to conduct no-load testing: the separately driven method uses a 

separate DC machine to rotate the motor under test at rated speed, while the self-driven 

runs the motor runs the motor unloaded at rated frequency and voltage. Core loss is 

sensitive to frequency, so frequency must be maintained within ±0.5% of rated during 

this test. 

6.2.1. Separately driven 

The most accurate method for determining no-load losses is to use a separate DC 

machine to drive the induction motor to synchronous speed, such that slip equals 

zero. At zero slip (s=0), the rotor winding resistance Rwr/s term will be infinite, 

meaning the rotor branch can be treated as an open circuit. An AC voltage source 

is used to supply rated voltage and frequency. The no-load impedance (ZNL) can 

then be calculated by from the measured no-load current (INL) as shown in EQ. 14. 

𝑍𝑁𝐿 =
𝑉𝑅𝐴𝑇𝐸𝐷

𝐼𝑁𝐿
 EQ. 14 

From here, the core resistance and magnetizing inductance can be found from the 

real and imaginary components, respectively, of the no-load resistance, as shown 

in EQ. 15 and EQ. 16. 

𝑅𝐶 = 𝑅𝑒{𝑍𝑁𝐿} − 𝑅𝑤𝑠 EQ. 15 

𝐿𝑀 =
1

𝜔
𝐼𝑚{𝑍𝑁𝐿} − 𝐿𝑙𝑠 

EQ. 16 

Where Rws is the stator winding resistance, as found in 0 and Lls is the stator 

leakage reactance as found in 6.1. 

6.2.2. Self-driven 

If a separate DC motor that is sufficient to drive the induction motor to 

synchronous speed is unavailable, no-load losses can be approximated by the 

power consumed by the unloaded motor when driven at rated voltage and 

frequency. Note that because slip is non-zero during this test, rotor resistance and 

leakage reactance will affect the results, such that the results, notably the core 

resistance, will be less accurate than the separately driven method. 

 

The measured no-load current (INL) can be used to find RC and LM using the same 

equations that were used for the separately driven method (EQ. 14, EQ. 15 and EQ. 

16). 

6.3. Efficiency 

Induction motor efficiency shall be determined in accordance with the requirements in 

4.3. At each of the six points the following parameters shall be recorded. 
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1. Electrical input power (real and reactive) 

2. Input voltage 

3. Input current 

4. Input frequency 

5. Slip 

6. Output torque 

7. Ambient temperature 

8. Stator winding temperature and/or stator winding resistance 

For item 8 the winding resistance shall be corrected to a standard temperature of 25oC. 

6.3.1. Machine loading 

Machine loading can be accomplished in a number of different ways. The first 

method is to use a brake and pulley to provide loading to the motor. The motor 

can also be loaded using a dynamometer and torque meter. In this case, the 

mechanical power can be calculated from EQ. 17. 

𝑃𝑚𝑒𝑐ℎ = 𝜏 ∗ 𝜔 
EQ. 

17 

Where τ is the measured torque in Newton-meters (Nm) and ω is the rotational 

speed in radians per second (rad/s). 

 

If a dynamometer is used, it must be rated to less than or equal to three times the 

power rating of the machine being tested, and it must be sensitive to a torque that 

is at least 0.1% of the rated torque of the machine under test. 

 

If a suitable source of mechanical load is not available, another method for 

loading the motor using the motor-generator slip method can be used. This 

method requires two identical machines. The machines are coupled together as 

shown in Figure 8. 

 

 

Figure 8. Diagram for motor-generator slip test. 

An AC power source at rated frequency and voltage should drive one machine 

acting as the motor. This is coupled an identical machine that will act like a 

generator. Torque and speed should be calculated at the point where the machine 

shafts are coupled together for determined mechanical power according to EQ. 17.  

 

The stator of the machine acting as a generator should be connected to a variable 

frequency AC source, such as a Variable Frequency Drive (VFD), operating at 
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rated voltage, which will supply the necessary excitation current. A fixed load 

will be connected on parallel with both the generator machine and the variable 

frequency AC source. By adjusting the frequency of the variable frequency AC 

supply, the relative slip between the generator and the AC source can be 

controlled. The power output of the generator can thus be controlled using the 

slip. 

 

The advantage to this method is that high power resistive loads and VFDs are 

readily available and can generally be procured for a much lower cost than a 

dynamometer. The other advantage is that dynamometers must be rated within 

1.5-3 times the motor under test; therefore testing multiple motor sizes may 

require multiple dynamometers. This method, in contrast, can be easily adapted to 

different motor sizes. A torque meter sensitive to a change in torque of ≤ 0.1% of 

the rated motor torque and tachometer or other speed measurement instrument 

meeting the accuracy requirements in 2.11 are required. 

 

Care should be taken to avoid reverse power flow into the variable frequency AC 

source if it is not rated for reverse power flow. 

6.4. Power Factor 

Power Factor (PF) is the ratio of real power to total apparent power. 

𝑃𝐹 =
𝑃

𝑉𝐼
=

𝑃

√𝑃2 + 𝑄2
 EQ. 18 

 

PF should be recorded at no load, and at the six load test points used for efficiency 

measurements. These points should be used to generate a PF versus loading curve. 

6.5. Speed-torque and Speed-current Characteristic 

The speed-torque characteristic of a motor refers to the torque delivered to a load as a 

function of motor speed. When plotted as a curve, key motor parameters can be 

identified. A representative characteristic speed-torque curve is shown in Figure 9. 
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Figure 9. Representative speed vs. torque characteristic curve for a single-phase 

induction motor. 

The key parameters of the curve include: 

• Locked rotor torque – the minimum torque produced by a motor at zero speed 

(see 6.1.1) 

• Pull-up torque – the local minimum of the curve between the locked-rotor torque 

and breakdown torque 

• Breakdown torque – the maximum torque delivered by the motor as it accelerates 

from rest to synchronous speed (note that this is typically much greater than rated 

torque) 

• Synchronous – at synchronous speed, slip and torque are both zero. In practice, 

the motor will always be slightly below synchronous speed, unless it is separately 

driven by an external source. 

Similar curves can be derived for the speed-current relationship. These are often plotted 

together, with a common speed scale on the x-axis. 

 

Four methods of obtaining the speed-torque and speed-torque characteristics are outlined 

in IEEE-114. In all methods, the motor should be driven at rated voltage and frequency.  

6.5.1. Measured output 

The motor is loaded via a dynamometer or any other method as defined in 6.3.1. 

For maximum accuracy, the friction and windage losses of the load must be 

known and the results must be compensated to account for them. 
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At least ten, equally spaced points shall be measured at speeds ranging from 

roughly 1/3 of the synchronous speed up to the maximum speed of the motor. At 

each point the input voltage and current, and output torque shall be recorded. Data 

shall be recorded while the motor is at steady state, such that acceleration or 

deceleration effects do not influence the results. The y-intercept of the curve 

should be the locked-rotor torque found in 6.1.1. 

 

The corrected torque, when accounting for the load friction and windage losses, 

can be calculated by EQ. 19. 

 

𝜏𝑐 =
𝑘(𝑃𝑜 − 𝑃𝑙)

𝑛
 

EQ. 19 

 

Where: 

  τc =   Torque, corrected for load losses (Nm) 

k  =  Constant based on units of measure 

Po =  Measured output power (W) 

Pl =  Friction and windage losses of the load (W) 

n = Motor speed (rpm) 

6.5.2. Acceleration 

This method requires the rotational moment of inertia to be known for all rotating 

parts, either through calculation or via measurement. The motor is accelerated 

from rest to its maximum speed approaching synchronous. As the motor 

accelerates, simultaneous readings of input current and motor speed must be taken 

at regular, fixed time intervals. Torque can be calculated at each recorded speed 

value using EQ. 20. 

𝜏 =
𝑎𝐽

𝑘
 

EQ. 20 

Where: 

  τ =   Torque (Nm) 

k  =  109.7 ∙ 10−4 for the units shown 

a =  Acceleration (rpm/s) 

J =  Rotational moment of inertia (kg∙m2) 

6.5.3. Input 

This method calculates torque by subtracting losses from the measured input 

power. At least ten, equally spaced points shall be measured at speeds ranging 

from roughly 1/3 of the synchronous speed up to the maximum speed of the 

motor. At each point the input voltage, current, and power shall be recorded and 

plotted against speed. The y-intercept of the curve should be the locked-rotor 

torque found in 6.1.1. 

𝜏 =
𝑘

𝑛
(𝑃𝑖 − 𝑃𝑙) − 𝜏𝑓𝑤 

EQ. 21 

Where: 
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  τ =   Torque (Nm) 

k  =  Constant based on units of measure 

n =  Motor speed (rpm/s) 

Pi =  Input power (W) 

Pl =  Stator resistive loss (I2Rws, W) 

τfw = Friction and windage torque at speed n (Nm) 

 

The friction and windage torque (τfw) is defined as the torque required to rotate the 

de-energized motor to the specified speed n. 

6.5.4. Direct measurement 

The direct measurement method uses continuous data acquisition to record input 

current and output torque over the full range of motor speeds. Data should be 

recorded and plotted at chosen speeds to determine the key torque characteristics, 

such as the pull-up and breakdown torque. The motor should be given sufficient 

time to settle at each speed point such that steady state values can be obtained. 

7. Mill Performance Testing 

Mill performance testing should be conducted using the setup configuration shown in the 

diagram in Figure 1. The test should be conducted in an environment relatively free from 

noise and dust.  

7.1. Feedstock preparation 

All testing should be conducted with an identical clean, dry feedstock. Examples 

include: whole corn, whole oats, or whole wheat kernels. Grains mixed with molasses 

should not be used. Grains should be as whole as possible, with a minimum of pre-

processing. 

 

Moisture content should be kept as consistent as possible between tests. Representative 

samples should be measured with a resistive or capacitive moisture meter meeting the 

requirements in section 2 prior to testing. Ideal grain moisture content should be 

between 12-15%. Excessive moisture content can increase the degree of clogging during 

testing, and may reduce crushing efficiency. Drying may be required to meet the 

required ideal range. 

7.2. Variable voltage DC systems 

If the DC voltage source to the mill motor is variable, such as a solar photovoltaic array, 

then a range of representative DC voltages should also applied. The lower boundary 

should be the voltage that was found to correspond to a motor speed of 50% of the rated, 

no-load speed, as determined by the voltage vs. speed curve defined by 5.3. The upper 

voltage should be either the rated voltage of the mill motor, or the maximum anticipated 

input voltage from the DC source, whichever is greater. Due to the inverse relationship 

between photovoltaic voltage and temperature, the maximum power voltage (Vmp) 

should be calculated for the minimum anticipated ambient operating temperature (Tmin) 

using EQ. 22:  

𝑉𝑚𝑝@𝑇𝑚𝑖𝑛
= 𝑉𝑚𝑝@𝑆𝑇𝐶[1 + 𝛽𝑉(25𝑜𝐶 − 𝑇𝑚𝑖𝑛)] EQ. 22 

Where: 
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Vmp@Tmin =   Maximum power voltage at minimum temperature (V) 

Vmp@STC =  Maximum power at standard test conditions (STC) [1,000 W/m2 and 

25oC], according to the manufacturer’s datasheet (V) 

βv =  Temperature coefficient of the module voltage according to the 

manufacturer’s datasheet (V/oC) 

Tmin =  Is the minimum operating temperature as determined by NEC 690.7 (oC) 

 

Six voltages, approximately equally spaced, between the maximum and minimum 

voltages should be applied. 

7.3. Mill test and evaluation criteria 

Milling tests are to be conducted to evaluate machine efficiency and performance, and to 

electrically characterize the machine loading of the milling process.  

7.3.1. Crushing efficiency 

Crushing efficiency is the ratio of total grain mass collected at the output of the 

mill compared to the mass of the grain that entered the hopper. Crushing 

efficiency (ηc) is calculated by EQ. 23: 

𝜂𝑐 =
𝑚𝑜𝑢𝑡

𝑚𝑖𝑛
 EQ. 23 

Where: 

mout =   Mass of milled grain in output catchment vessel (kg) 

min =  Mass of whole grain that entered hopper during test (kg) 

 

Crushing efficiency is primarily influenced by moisture content; greater moisture 

content will cause grain to adhere to the milling surfaces, preventing it from 

exiting the mill into the output catchment. Larger particles that fail to pass 

through the output grate or sieve will also reduce crushing efficiency. 

7.3.2. Throughput 

Throughput is a measure of the total grain mass that was processed by the mill per 

unit time (kg/hour). Throughput should be measured after the mill has been 

running at rated load for sufficient time such that the motor temperature has 

stabilized. Temperature is said to be stabilized when measurements do not vary 

more than 2% for three consecutive readings spaced at least 30 minutes apart. The 

motor can be loaded with an alternate method, such as a dynamometer or other 

mechanical load, to accelerate winding temperature rise before being connected to 

the mill.  

 

Once this condition has been met, the machine should be run at a period of 30 

minutes continuously to determine average throughput. Care must be taken to 

ensure that the hopper is always maintained at least 25% full at all times. 

7.3.3. Energy intensity 

Energy intensity is the ratio of the total grain mass output of the mill to the total 

electrical energy (kWh) consumed by the mill motor. Energy intensity should be 

determined after the mill has been running under load for sufficient time such that 
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the motor temperature has stabilized. To determine a representative, average 

energy intensity, the mill should be run continuously for a period of 30 minutes. 

 

Note: energy intensity and throughput can be evaluated concurrently during the 

same test. 

7.3.4. Average load, peak load and load factor 

The instantaneous electrical power consumed by the motor should be recorded for 

the entire duration of the Throughput and Energy intensity tests described in 

sections 7.3.2 and 7.3.3. The average and peak load (in W) should be recorded, 

along with load factor. 

 

Load factor is a measure of electrical utilization, and is defined as the ratio of the 

average load over peak load. It is defined in EQ. 24: 

𝐿𝐹 =  
𝐸

𝑃𝑝𝑒𝑎𝑘 ∗ 𝑡
 EQ. 24 

Where: 

LF =   Load factor 

E =  Total energy consumed by the motor over the course of the 

test (Wh) 

Ppeak =  Peak instantaneous power observed during test (W) 

t =  Total test duration (hours) 

 

7.3.5. Tip speed and centrifugal force (hammer mills only) 

For hammer mills, tip speed refers to the velocity of the tip of the hammers, and is 

a critical factor in evaluating the performance of hammer mills. For other mill 

types, such as roller mills, tip speed does not apply. 

 

Tip speed can be calculated by multiplying the total hammer length by the 

rotational velocity of the mill rotor as shown in EQ. 25:  

𝑣 = 𝑙𝜔 EQ. 25 

Where: 

v =   Tip speed (m/s) 

l =  Hammer length (m) 

ω = Rotational speed (rad/s) 

 

From this, and the mass of the rotor/hammer mechanism (m), the centrifugal force 

(Fc) of the hammers can be determined by EQ. 26: 

𝐹𝑐 =
𝑚𝑣2

𝑙
= 𝑚𝜔2𝑙 EQ. 26 
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7.3.6. Clogging 

Clogging occurs when the sieve screen holes become blocked, reducing the 

efficiency and capacity of the mill. If output becomes noticeably reduced due to 

clogging during the course of testing, the test should be momentarily halted, and 

the sieve cleared as quickly as possible so that testing can resume. Material 

removed without the sieve in place should be collected and stored separately from 

the milled output, and should not be counted as output for the purposes of 

calculating crushing efficiency, throughput, or energy intensity. At the discretion 

of the tester, this material may be placed back into the hopper and run through a 

second time. Clogging events, and the duration of the pause in testing to remedy 

the clog, should be recorded. 

7.3.7. Motor winding temperature 

Motor winding temperature should be measured and recorded according to the 

methods specified in 4.2 at the beginning and end of each test. 

7.3.8. Audible noise 

A decibel meter meeting the requirements in section 2 should be used to evaluate 

the audible noise produced by the mill during testing. The decibel meter should 

be placed in an open, unobstructed area approximately 0.5m from the mill and 

1.5m above ground level. Measurements should be taken and recorded under 

three conditions: 

1. Baseline – taken to establish the normal, background noise level of the 

environment prior to beginning testing. 

2. No-load – taken with the mill running with no grain in the hopper 

3. Running – taken while the mill is actively processing grain 

At least three recordings should be taken during each condition and averaged 

together. 

7.3.9. Grain evaluation 

The milled grain output should be put through a series of seven standard soil test 

sieves with standard sieve designations of: 0.85, 0.425, 0.25, 0.18, 0.15, 0.106, 

and 0.075mm. The approximate weight of the grain which is entrapped within 

each sieve should be recorded.  

 

A qualitative analysis of the processed grain output from the mills is outside the 

scope of this test method. The quality of milled grains can be hard to objectively 

define, and may be subject to regional variation and crop characteristics. 

Therefore, it is recommended that test reports contain clear, close-up, high 

quality, color photographs of a representative sample of the mill output. 
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1 Overview 

This report will describe the tests conducted to evaluate and characterize a 6N40-9FC23 

combination crusher/rice mill machine obtained from Sichuan Wanma Machinery Co. This 

type of Chinese-produced electric mill is an interesting alternative to the diesel-run mills that 

are commonly found in emerging markets. The purpose of this testing was to obtain basic 

electrical characteristics and provide performance benchmarks. 

2 Description of Grain Mill 

The Sichuan Jingyan Lianyi 6N40-9FC23 combination crusher/mill (henceforth referred to as 

the grain mill) was obtained from Sichuan Jiangyan Lianyi Machinery Co in China. The 

milling end is a hammer-mill, typically used for crushing maize, with two available screens: 

a coarse (1.2mm) mesh and a fine (0.8mm) mesh. The crusher end is designed to remove the 

hulls from rice. Both the crusher and rice mill ends of the grain mill are belt-driven from a 

single motor.  

 

The motor may be purchased with the mill, or supplied separately. The motor that was 

provided by the manufacturer was an YL90L-2 2.2kW (3HP), capacitor-start capacitor-run, 

single phase induction motor rated for 220V, 50Hz service. A pulley was affixed to the motor 

with slots for both belts. The pulley was designed such that in forward rotation (counter-

clockwise) both belts were driven, while in reverse rotation (clockwise) only the rice mill belt 

was driven. A three pole, double throw switch connected to the mill allowed the mill motor to 

be driven in either direction, with an off position in the center between forward and reverse. 

 

 

Fig. 1. Photo showing mill with motor, pulley, and belt assembly. 
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Fig. 2. Photo of mill showing three pole, double throw switch. 

The rated throughput of the grain mill is ≥300kg/hr for the milling side and ≥150kg/hr on the 

crushing side. The outer dimensions of the mill are approximately 700x540x350mm and the 

net weight (excluding the motor) is approximately 65kg. 

3 Test and Measurement Equipment Description 

This section describes the test and measurement equipment used for capturing the various data 

parameters during testing 

3.1 Voltage 

Voltage measurements were obtained using a LEM LV 25-P voltage transducer. The 

transducer is rated for 10-500V AC or DC with a rated accuracy of ±0.8%. 

3.2 Current 

Current measurements were recorded using a CR Magnetics CR5410-50 hall effect current 

transducer rated for up to 50A AC or DC. Rated accuracy of this device is ±1.0%. 

3.3 Power 

Real and reactive power values were calculated using the measured voltage waveforms 

obtained using the voltage transducer in 3.1 and the current waveforms using the current 

transducer described in 3.2. 

3.4 Impedance 

Resistive and inductive impedance measurements were conducted using a Keysight E4990A 

impedance analyzer. 

3.5 Torque 

Torque measurements were obtained using a Futek TRS605 FSH02056 rotary torque sensor 

with encoder. This sensor is rated for 20 Netwon-meters (Nm) and includes a rotary encoder 

that can be used to obtain rotor position and speed. Rated accuracy of this device is ±0.2%. 
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There was insufficient space to install the torque sensor between the motor and pulley on the 

grain mill, therefore torque measurements could only be obtained when the motor was run 

separately on a motor test stand, and not as an integral part of the grain mill. 

3.6 Motor Speed 

In addition to the rotary encoder, a Monarch Instruments ROS-P optical LED sensor was 

used to obtain motor speed while the motor was connected to the grain mill. The ROS-P 

pulses once per revolution and can thus be used to obtain the rotational period (hence 

rotational speed) of the grain mill motor. Because no mechanical connection is required, the 

sensor could be installed on the mill for obtaining motor speed measurements during mill 

testing. 

3.7 Grain Moisture 

Grain moisture levels were taken using a General DSMM600 soil moisture meter. 

3.8 Audible Noise 

Audible noise levels were captured using an Exetech 407730 sound level meter. 

3.9 Temperature 

Temperature values were measured using a Tacklife IT-T05 infrared thermometer with rated 

accuracy of ±2.0oC when measuring ≤100oC. 

3.10 Weight 

Weight measurements were recorded using an Ohaus SD35 digital scale with a capacity of 

35kg and 0.02kg resolution. 

3.11 Data Acquisition (DAQ) 

Real time measurements of voltage, current, and motor speed were recorded using a 

National Instruments LabView application. The analog inputs were read using an NI 9201 

C series analog input module at a fixed sample frequency of 32 samples per cycle (1.6 kHz). 

Digital inputs were sampled using an NI 9381 multifunction I/O C series module at a rate 

of 100 kHz. The high frequency sampling was handled using the on-board FPGA that is 

integrated into the NI cRIO 9064 chassis. A real-time program aggregated the data in 0.5 

second increments, computed the average and RMS for all signals, and communicated these 

via a network stream over TCP/IP. Finally, a host program was used to collect the data from 

the network stream and save to an NI TDMS file. 

 

As a point of verification and data validation, a Bitronics M571 power meter was also 

connected and simultaneous measurements were obtained, also in 0.5 s increments. 

4 Motor Description and Testing 

The prime mover for the grain mill was a YL90L-2, single phase, two pole, 2.2kW capacitor 

start, capacitor-run motor. Although the customer had the option of providing a motor, this 

particular motor was what was provided by the manufacturer. A summary of several pertinent 

parameters is given in Table I.  
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Table I. Motor parameters 

Model YL90L-2 

Rated power 2.2kW (3 HP) 

Rated voltage 110/220V 

Rated Current 27.4/13.7A 

Rated Frequency 50/60Hz 

Poles 2 

Speed 2,820 RPM @ 50Hz, 3,380 @ 60Hz 

Run Capacitor 45μF 

Start Capacitor 250μF 

 

The motor start capacitor was required in order to start the motor from stall. Once the motor 

had reached approximately 75% of synchronous speed, a centrifugal switch opened which 

disconnected this capacitor. If used, the optional run capacitor remained in the circuit after the 

switch opened. A winding diagram showing the main and auxiliary windings, start and run 

capacitors, and centrifugal switch is shown in Fig. 3. 

 

 

Fig. 3. Capacitor start, capacitor run induction motor diagram. 

A simplified equivalent circuit for the induction motor is shown in Fig. 4. Here, the auxiliary 

winding and capacitors have been omitted for clarity. The prime notation (‘) indicates that the rotor 

leakage inductance (Llr) and rotor winding resistance (rr) have been referred to the stator winding. 

An important thing to note is that the rotor winding resistance (r’r) is divided by the slip (s), which 

is defined as shown in EQ. 1. 

 

𝑠𝑙𝑖𝑝 (𝑠) =  
𝑛𝑠 − 𝑛𝑟

𝑛𝑠
 EQ. 1 

Where: 𝑛𝑠 and 𝑛𝑟 are the synchronous speed and rotor speed for the motor, respectively.  
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Fig. 4. Induction motor equivalent circuit (auxiliary winding omitted). 

A standard test suite was conducted on the motor which consisted of: a no load test, a block 

rotor test, and free acceleration. 

4.1 No Load Test 

No load tests were conducted to determine the no load losses of the motor while it was not 

mechanically coupled to the mill. To achieve true no load, a second, similar motor was 

connected to the motor under test with a combination torque sensor/rotary encoder installed 

at the point where the shafts were coupled together. A photo showing this test setup with the 

two motors coupled together is shown in Fig. 5. The motor under test was connected to a 

Schneider Conext XW5548 inverter running at 50Hz. An autotransformer was used to 

decrease the output voltage from 240V to rated voltage (220V). The second motor was 
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connected to a Variable Frequency Drive (VFD); the VFD frequency was increased until the 

rotor speed, as measured by the rotary encoder, was equal to the synchronous frequency of 

the motor (i.e., 50 Hz, or 3,000 RPM). At this point, the slip was essentially zero, meaning 

that the rotor resistance was approximately open circuit, and the rotor current should have 

been near zero. In this way the magnetizing branch impedance could be isolated and 

measured, without being influenced by the rotor currents.  

 

 

Fig. 5. Motor test setup. 

This test was conducted with and without the optional run capacitor in place to estimate the 

contribution of the run capacitor and auxiliary winding on the no load power consumption. 

The results of the no load test are summarized in Table II. 

Table II. Motor no load power consumption. 

 Real Power [W] Reactive Power [VAR] 

With Run Capacitor 489.0 516.9 

Without Run Capacitor 338.8 2110 

 

These results indicate that with the run capacitor in place the no load power of the motor is 

approximately 150W (44%) greater than without; this is due to the winding resistance of the 

auxiliary winding, which is not present when the run capacitor is removed. The reactive 

power draw of the motor, however, is much greater when the run capacitor is removed. This 

indicates that the run capacitor is supplying roughly 75% of the reactive power requirements 

of the motor. 

4.2 Block Rotor Test 

Block rotor tests were conducted on the motor with the rotor physically blocked to prevent 

rotation. The Schneider Conext XW5548 was connected to the motor input terminals with 
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frequency set to 50Hz. The autotransformer was slowly increased from zero until the input 

current was measured to be near rated current (13.67A). At this point the circuit breaker 

connected to the inverter was opened. 

 

The circuit breaker was closed in nine brief intervals, and the steady state, block rotor data 

was collected. Three of these were with both the start and run capacitors in place, three were 

with only the start capacitor in place, and three were with no capacitors. Because the rotor 

was blocked, the centrifugal switch was always closed. When both capacitors were in the 

system, the auxiliary winding current flowed through both capacitors in parallel. With only 

the start capacitor in place the auxiliary winding current flowed only through the start 

capacitor. With both capacitors disconnected the auxiliary winding was open-circuited, so 

current flowed only through the main winding. 

 

Because the rotor was stationary, 𝑛𝑟 was zero, therefore slip was equal to unity (1). In this 

way, the rotor winding resistance could be determined. 

 

Table III. Block rotor test results. 

 Real Power [W] Reactive Power [VAR] 

With Run Capacitor 550.2 294.6 

Without Run Capacitor 525.1 317.8 

No Capacitors 383.4 545.6 

 

These results show that with only the main winding energized (no capacitors present), the 

real power was lowest, while the reactive power was highest. This matches expectations, as 

the auxiliary winding typically has a greater winding resistance compared with the main 

winding. Having the capacitors in the circuit reduced the reactive power drawn by the source, 

as shown by these results. 

4.3 Free Acceleration Test 

Free acceleration tests were conducted on the motor. The circuit breaker connecting the 

Schneider inverter was closed and the motor was accelerated from stall. Data collection 

began at or near the time when the breaker was closed and continued until after the motor 

had reached steady state speed. 

 

The inrush current drawn by the motor exceeded the limits imposed by the DC power 

supplies acting as input to the inverter. Therefore, these tests were conducted at four different 

root mean squared (RMS) voltages below rated voltage: 50V, 75V, 100V, and 150V. At 

reduced voltage, the inrush current was lower, and the motor took longer to accelerate. This 

allowed the motor to be started ‘across-the-line’ (e.g., without soft starting); the reduced rate 

of acceleration allows for more data points to be captured during the acceleration period. 

 

With the run capacitor, the motor would initially have both capacitors connected in parallel 

during starting, until the centrifugal switch opened at around 70-75% of synchronous speed. 

At this point, only the run capacitor would be connected to the auxiliary winding. Without 
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the run capacitor, the auxiliary winding would be in open circuit after the motor had reached 

70-75% of synchronous speed and the centrifugal switch opened. 

 

An example of the free acceleration results when 100V is applied is shown in Fig. 6. The 

high inrush current is clearly visible during the first 10 cycles. At approximately t=0.9s, the 

centrifugal switch opened, removing the start capacitor from the circuit. At this point, the 

rate of acceleration for the motor was reduced, as was the amplitude of the input current. 

 

 

Fig. 6. Current and motor speed during free acceleration with 100VRMS applied. 

The results of the free acceleration tests are given in Table IV; the results shown in this table 

were taken with the run capacitor in place. When the run capacitor was removed, the results 

were similar, with a slightly smaller peak current (owing to the fact that only one capacitor 

needed to be charged, not two) and no load slip was slightly higher. 

Table IV. Free acceleration test results 

Applied 

voltage [VRMS] 

Peak 

current [A] 

Acceleration 

time [s] 

No load 

speed [rad/s] 

No load 

speed 

[RPM] 

No load 

slip [%] 

50 23.93 2.7 307.7 2,938.3 2.0 

75 35.13 0.65 311.4 2,973.7 0.9 

100 46.37 0.33 312.4 2,983.2 0.6 

150 68.33 0.09 313.3 2,991.8 0.3 

 

From these results, the relationship between peak current and applied RMS voltage can be 

approximated by the second order polynomial given in EQ. 2. 

 

𝐼𝑝𝑒𝑎𝑘 = −8.44 ∗ 10−5 ∗ 𝑉𝑅𝑀𝑆
2 + 0.461 ∗ 𝑉𝑅𝑀𝑆 + 1.07 EQ. 2 
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Using this expression, the peak current at rated voltage is estimated to be 98.4A, or 7.2 times 

the rated full load current (13.67A). This is consistent with industry standard induction 

motors, which typically have an inrush current in the range of 6-7 times full load current. 

This high inrush current is only expected to last for roughly 6-10 cycles. 

4.4 Efficiency 

Motor efficiency, according to the manufacturer’s data sheet, is 77%. Due to time and 

equipment constraints, this was not independently verified in the lab. 

5 Mill Testing Description and Results 

After completing motor testing, the YL90L-2 induction motor was connected to the mill and 

the motor/mill assembly was tested. All tests were conducted on the crusher side only due to 

cost and availability of unhusked rice. Tests were conducted using commercially purchased 

whole corn, which was obtained in 22.7kg (50lb) bags. In order to mitigate dust and 

particulates in the lab, a shop vacuum (shop-vac) was connected to the discharge chute of the 

grain mill. The volume of the shop-vac was sufficient to contain the milled output of an entire 

bag. 

 

The milling side of the grain mill, as shown in the photograph of the experimental setup in 

Fig. 7, has both top and side hoppers. When attempting to feed the mill from the top hopper, 

the hammer mill tended to jam, causing the motor to draw too much current, tripping the 

inverter offline. The best method for feeding the mill was to fill the side hopper with grain 

and have an operator manually control the flow rate of whole corn into the mill. 
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Fig. 7. Experimental setup. 

Prior to each test, the weight of a 22.7kg bag was verified using the Ohaus SD-35 digital scale. 

The tare weight of the shop-vac was also obtained. Next, the entire contents of the bag were 

fed into the grain mill as quickly as possible. In order to mitigate the high inrush current, the 

autotransformer was initially set to 100V and gradually increased to rated voltage (220V) at 

the start of each test. The input voltage, current, and motor speed were recorded during 

milling. Data was recorded at 1.6kHz using the NI cRIO DAQ system described in 3.11. A 

post-processing Matlab script extracted the average and maximum currents, the duration of 

the milling period, and computed the total watt-hours (Wh) consumed. 

 

A total of 5 runs were performed, each using the entire contents of a 22.7kg bag of whole 

corn. Runs 1-4 were performed with the coarse (1.2mm) screen in place, while the final run 

(Run 5) used the fine (0.8mm) screen. The time required to process each bag was determined, 

and from this, the throughput in kilograms per hour (kg/hr) was extrapolated. The energy 

intensity in Wh/kg was also determined. 

 

Table V summarizes some of the key data parameters which were recorded during each test. 

As a point of comparison, the data for when the mill was idle (not actively milling) is also 

included. 

Table V. Mill testing performance data. 

 Idle Run1 Run2 Run3 Run4 Run5 

VRMS [V] 220.8 220.7 224.1 220.7 223.3 218.7 

IRMS (avg) [A] 4.6 10.0 12.1 11.5 10.3 13.7 

P (avg) [W] 853.4 2,132.7 2,618.7 2,471.6 2,202.6 2,942.3 
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Q (avg) [VAR] 554.5 515.0 641.8 534.0 606.8 550.4 

PF (avg) 0.836 0.969 0.969 0.977 0.964 0.982 

Mass (start) [kg] n/a 19.8 23.3 23.8 23.1 23.0 

Mass (end) [kg] n/a 18.7 23.2 22.3 21.3 20.2 

Energy [Wh] n/a 136.0 163.4 158.4 168.3 257.2 

Time [s] n/a 230.0 225.0 231.0 271.0 315.0 

IPEAK (steady state) [A] 4.844 14.0 14.2 14.5 12.0 19.2 

PPEAK (steady state) [W] 963.5 3,012.5 3,130.6 3,124.9 2,638.0 4,138.9 

Milling efficiency [%] n/a 94.44 99.74 93.66 92.30 87.75 

Throughput [kg/hr] n/a 292.70 371.20 347.38 283.48 230.86 

Energy intensity 

[Wh/kg] 
n/a 7.27 7.04 7.11 7.89 12.73 

 

The parameters listed in Table V are defined as follows: 

VRMS: Root mean square (RMS) value of applied voltage for the 

duration of the test 

IRMS (avg): Average value of the RMS current drawn by the motor during 

the course of the test (excluding startup transient) 

P (avg): Average real power drawn by the mill motor during the test 

(excluding startup transient) 

Q (avg): Average reactive power drawn by the mill motor during the test 

(excluding startup transient) 

PF (avg): Average power factor of the mill motor during the test 

Mass (start): The starting weight of the grain prior to milling 

Mass (end): The ending mass of the grain after milling 

Time: The length of time required to process the entire bag of grain 

IPEAK (steady state): The peak current drawn by the mill motor during steady state 

operation (excluding startup transient) 

PPEAK (steady state): The peak real power drawn by the mill motor during steady 

state operation (excluding startup transient) 

Crushing efficiency: The ratio of ending mass to starting mass. Mass loss is due to 

dust and grist which does not pass through the screen 

Throughput: The rate of mass processed by the grain mill 

Energy intensity: The amount of energy used by the mill per unit mass of grain 

 

A 60 second excerpt of the real and reactive power that was recorded during Run 3, which 

used the coarse screen, is given in Fig. 8. The dotted line indicates the rated input power for 

the mill motor. A similar figure for the data from Run 5, using the fine screen, is included in 

Fig. 9. 
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Fig. 8. Real and reactive power vs. time for Run 3. 

 

Fig. 9. Real and reactive power vs. time for Run 5. 

In addition to the average and steady state data values that were recorded, a few high speed 

data captures of the voltage and current waveforms were performed. These were recorded at 

20 kilo-samples per second (kS/s) in order to capture any high order harmonics that might be 

present in the waveforms. An example of the input voltage and frequency waveforms is given 

in Fig. 10. Voltage Total Harmonic Distortion (THDV) was fairly low, approximately 3%, 

during all tests, while current THD (THDI) was measured between 13.2-15.2%. These results 

are summarized in Table VI. 
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Table VI. Total Harmonic Distortion (THD) values for mill motor. 

 THDV [%] THDI [%] 

Capture 1 2.9 14.4 

Capture 2 3.2 13.2 

Capture 3 3.0 15.2 

 

The Fast Fourier Transform (FFT) result in Fig. 11 shows that this was predominantly third 

harmonic, with some fifth, seventh, and ninth harmonics as well. The likeliest culprit for this 

type of low order current distortion is magnetic saturation in the motor core. 

 

Fig. 10. Input voltage and current waveforms for the mill motor. 
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Fig. 11. FFT amplitude spectrum for mill motor current. 

5.1 Grain Sieve Testing 

A series of representative samples of the milled corn output from the grain mill were sifted 

using a US Standard sieve set, and the mass of the grain entrapped in each sieve was 

measured. Seven sieves were used: US sieve size #20, #40, #60, #80, #100, #140, and #200). 

These corresponded to diameters ranging from approximately 0.075mm to 0.85mm. A total 

of six samples, three from milling tests using the coarse screen, and three from milling tests 

using the fine screen, were evaluated using these sieves. Each sample was between 560-650 

grams. The results from the sieve testing are plotted in Fig. 12. 
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Fig. 12. Particle size distribution results for sieve testing. 

A photo of the sieve testing setup is shown in Fig. 13. 
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Fig. 13. Photo of sieve testing setup. 

5.2 Other Testing 

Other tests were conducted including: audible noise, temperature rise, and tip speed. The 

testing and results are described below, and are summarized in Table VII. 

 

The audible noise level of the mill was tested using the Exetech Sound Level Meter mentioned 

in section 3.8. First, the ambient background noise level was recorded to be around 53-54 
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decibels (dB). When running idle, the noise level of the mill was recorded to be 91-92dB. 

When actively milling, the noise level increased slightly to 94-95dB. 

 

A temperature rise test on the milled grain was performed. Prior to milling, the surface 

temperature of the grain was measured to be 23.3oC. After milling, the surface temperature of 

the milled output was 27.2oC. This equates to a temperature rise of 3.9oC. 

 

The rated spindle speed of the crushing side of the grain mill is 5,000-5,600RPM. This was 

confirmed and verified using the optical speed sensor mentioned in 3.6. The hammer length 

was measured to be about 100mm, from which the tip speed can be calculated as 52-59 meters 

per second (m/s). 

Table VII. Other testing result summary. 

Audible noise  

Ambient 53-54dB 

Idle 91-93dB 

Active milling 94-95dB 

Temperature rise 3.9oC 

Tip speed 52-59m/s 

6 Results Discussion and Conclusion 

These results show that when idling the mill drew around 4.6-4.8A, or roughly 1/3 of rated 

current. With the coarse screen in place, the average current drawn by the motor was around 

10-12A, or 73-88% of the rated current, with brief excursions that exceeded the 13.7A rating. 

When running with the fine screen, the average current was approximately equal to rated 

current (13.7A) and regularly exceeded rated current. Therefore, when running with the fine 

screen for extended periods of time, the motor could potentially experience overheating due 

to regularly being pushed above rated current.  

 

A common industry rule is that for every 10oC above rated temperature, the expected working 

life of the motor is cut in half. Therefore, for a motor with NEMA Class A insulation (rated 

for a maximum temperature of 105oC) operating at 115oC, the life expectancy of the motor 

would be reduced from 15 years to 7.5 years. The manufacturer’s data for the motor that was 

provided did not specify the insulation class, maximum allowable temperature rise, or a rated 

life for the motor. Conducting a winding temperature rise test fell outside the scope of this 

evaluation. 

 

The real power consumption of the mill varied in proportion to the instantaneous amount of 

grain it was processing, and whether the coarse or fine screen was used.  When idle, the real 

power drawn by the motor was 800-900W; with the coarse screen, the real power was about 

2.3kW, but increased about 26% to 2.9kW when using the fine screen. Small fluctuations in 

the amount of grain being processed at any given time can be seen in the fluctuations in real 

power consumed by the mill. 

 

Reactive power, unlike real power, did not change significantly with loading. However, this 

was extremely sensitive to voltage. When voltage was slightly above rated, such as Run 2 
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(224V) or Run 3 (223V), reactive power exceeded 600VAR, whereas when the voltage was 

closer to 220 (Runs 1, 4, and 5) reactive power was in the range of 515-550VAR. The presence 

of the run capacitor seems to have helped the motor supply most of its own excitation, 

resulting in a very high running power factor on the order of 0.97-0.98, lagging. 

 

The mill used approximately 7.3Wh/kg of grain processed using the coarse screen and 

12.7Wh/kg with the fine screen. For the coarse screen, the throughput matched the rated 

throughput of the datasheet, close to or greater than 300kg/hr. Mass loss using the coarse 

screen was negligible, leading to crushing efficiencies in the 92-99% range. With the fine 

screen, however, more mass was lost due to dust and grist, leading to a crushing efficiency of 

88%. Rated throughput could not be obtained using the fine screen. 

 

The high inrush current requirement of this motor (>98A) means that for most microgrid 

applications a soft-starter will be required. The THD could also potentially be problematic for 

microgrids where power quality is an issue, or situations where sensitive loads could be 

impacted by the low order harmonics. An isolation transformer could be used to prevent the 

harmonics from impacting other hardware on the distribution system. 

 

When running with the coarse screen, the mill was able to meet the rated throughput. 

However, with the fine screen, rated throughput could not be achieved, and the energy 

intensity was about 1.7 times higher. Therefore, if a coarser grind is acceptable for the 

application, the coarse screen will provide increased throughput and lower energy intensity 

for the same mass of grain. Further investigation is required to determine the impact of a larger 

motor on the performance of the fine screen. 
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Appendix A: Mill Datasheet
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Appendix B: Mill Motor Datasheet
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Appendix C: Data file description
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The complete data results that were captured during testing can be found in “Mill Test 

Data_CSU2018.xls”. This workbook combines the data results for all testing, with one sheet per 

test. Data for eight tests total are included. These are: 

 

• Run 1 – Steady state values for mill test Run 1 with 1.2mm screen 

• Run 2 – Steady state values for mill test Run 2 with 1.2mm screen 

• Run 3 – Steady state values for mill test Run 3 with 1.2mm screen 

• Run 4 – Steady state values for mill test Run 4 with 1.2mm screen 

• Run 5 – Steady state values for mill test Run 5 with 0.8mm screen 

• Waveform 1 – High speed capture of voltage and current waveforms during milling with 

1.2mm screen 

• Waveform 2 – High speed capture of voltage and current waveforms during milling with 

1.2mm screen 

• Waveform 3 – High speed capture of voltage and current waveforms during milling with 

1.2mm screen 

The data columns for the steady state data are as follows: 

• Column A – Elapsed time in seconds. Each test starts from time t=0. 

• Column B – Primary electrical frequency of the input voltage waveform (50Hz nominal) 

• Column C – RMS value of the line-to-line voltage applied to the mill motor (220VRMS 

nominal) 

• Column D – RMS value of the line one current supplying the mill motor 

• Column E – RMS value of the line two current supplying the mill motor (note that this 

should be equal to the line one current values in Column D) 

• Column F – Power Factor, defined as the cosine of the angle between the current and 

voltage waveforms. Negative indicates lagging while positive indicates leading. 

• Column G – Motor speed as recorded using the optical speed sensor, in radians per 

second. 

The data columns for the waveform data are as follows: 

• Column A – Elapsed time in seconds. Each test starts from time t=0. 

• Column B – Instantaneous value of the line-to-line voltage applied to the mill motor  

• Column C – Instantaneous value of the line one current supplying the mill motor 

• Column D – Instantaneous value of the line one current supplying the mill motor (note 

that this should have equal magnitude to line one current in Column C but be mirrored 

about the x axis) 
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1. Objective 

The purpose of this document is to outline the preferred method for testing reciprocating-type 

pumps driven by brushed or brushless Direct Current (DC) motors, or by AC induction 

motors. 

1.1. Scope 

This testing is for determining the electrical parameters and characteristics, and overall 

efficiency, for the motor-pump assembly only. It does not cover other testing procedures, 

such as hydrostatic testing, or Net Positive Suction Head Required (NPSHR) for pumps, 

which can be found in ANSI/HI 6.6 [1]. Methods for determining segregated motor 

losses are not addressed as part of this methodology. These and other miscellaneous 

motor tests are covered by the standards IEEE 113 for DC motors, and IEEE 112 and 

IEEE 114 for poly-phase and single-phase induction motors, respectively. 

2. Instrumentation 

It is recommended that, whenever possible, all measurements be taken using electronic 

instruments with analog outputs that can be read and recorded by a data logger. 

2.1. Voltage 

Voltage measurements should be made at or as near to terminals as possible. If, for some 

reason, they cannot be, then the error should be evaluated and subsequent readings 

corrected. Tests should be conducted at rated voltage for the pump. 

2.2. Current 

Current measurements can be made with in-line current sensors or current transformers 

if the magnitude of the measured current is too high. Hall effect sensors may also be 

used. For appliances with DC motors, DC compatible current sensors must be used. 

Current draw by instruments, such as volt and/or watt-meters, should be subtracted to 

obtain the net motor current. 

2.3. Power 

Power measurements can be made using a dedicated watt-meter. For DC motors, power 

can be calculated by taking the product of Voltage (as measured in 2.1) and current (as 

measured in 2.2). 

2.4. Pressure 

Pressure can be measured with a pressure gauge or pressure transducer. A dampening 

device, such as a needle valve or capillary tube, should be used to dampen pressure 

pulsations. Pressure taps should be located a minimum of two diameters of straight pipe 

of unvarying cross section before the suction stabilizer and after the discharge dampener 

following an elbow, valve, or other obstruction. Pressure measurements should not be 

made at or near the highest nor the lowest point of the pipe cross section. The diameter 

of the pressure tapping must be between 3mm and 6mm, or 1/10 the pipe diameter, 

whichever is smaller. The length of the pressure tapping hole shall not be less than two 

and a half times its diameter [1].  

 

An accumulator tank and/or backpressure regulator may be used on the discharge side of 

the pump to dampen noisy or turbulent water flow. 
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2.5. Flow 

Measurements of rate of flow may be taken using any of the methods outlined in section 

6.6.7 of ANSI/HI 6.6 [1]. These include, but are not limited to: 

• Measurement by weight 

• Measurement by volume 

• Measurement by displacement-type meters 

• Measurement by head-type rate meters 

• Measurement by venture meter 

• Measurement by nozzle 

• Measurement by thin square-edged orifice plate 

• Measurement by Pitot tubes 

• Other methods as allowed by ANSI/HI 6.6. 

 

Use of rotating vane type flowmeters is discouraged because the additional load imposed 

on the pump can lead to inaccurate results. Ultrasonic or electromagnetic flow meters are 

preferred. 

2.6. Speed 

Pump speed measurements can be made using tachometers, frequency-responsive 

devices, or magnetic pickups. Stroboscopes are discouraged due to uncertainty in 

precision and limited accuracy. 

2.7. Torque 

Torque measurements may be made using transmission dynamometers, torsion 

dynamometers, strain gauge type torque measuring devices, calibrated motors, or other 

methods of acceptable accuracy. 

 

If a dynamometer is being used, its rating should not exceed three times the rating of the 

pump motor, and the rated torque should not be greater than four times the maximum 

pump torque. Additionally, the dynamometer should be sensitive to a change in torque 

less than or equal to 0.1% of the rated motor torque. 

2.8. Temperature 

Temperature may be measured using electric or mercury thermometers, or by using 

thermocouples or Resistance Temperature Detectors (RTDs). 

2.9. Electromagnetic noise 

Electronic instruments feature higher input impedance than passive instruments, which 

means they draw less current, thereby reducing the need to make corrections for current 

drawn by the instrument. They are, however, more susceptible to electromagnetic noise.  

 

Common noise sources include: 

• Inductive or electrostatic coupling of signal leads to power circuits 

• Inadequate common mode rejection 

• Common impedance coupling or ground loops 

• Conducted interference from power circuits 
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Good practices for minimizing electromagnetic noise should be adhered for all 

electronic instruments. These include: 

• Using shielded, twisted pair wires for signal leads 

• Grounding the shield at only one point 

• Maintaining as much distance as is practical between signal leads and power 

cables 

• Grounding all exposed metal parts 

2.10. Accuracy 

Instrument error is rated as a percentage of the full scale for the measurement 

instrument. For this reason, it is important to size measurement instruments 

appropriately such that the full scale of the instrument is close to the expected range of 

operating values. Instrument transformers should be avoided if possible because they can 

inject additional error into measured values. If instrument transformers are used, their 

error must not exceed ±0.3%. 

 

Accuracy for all measurement devices must adhere to the values specified in Table 1. 

Table 1. Instrument accuracy requirements. 

Measured Value Accuracy of the instrument as a 

percentage of the values 

Rate of flow ±1.5% 

Differential pressure ±1.0% 

Discharge pressure ±1.0% 

Suction pressure ±1.0% 

Voltage ±0.2% 

Current ±0.2% 

Power ±0.2% 

Frequency ±0.05% 

Resistance ±0.2% 

Torque ±0.7% 

Motor speed ±0.3% or 1.0 rpm, whichever is less 
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2.11. Calibration 

The recommended calibration intervals found in Table 2 should be followed for all 

instruments and measurement equipment, unless they differ from manufacturer’s 

recommendations, in which case the manufacturer’s recommended calibration interval 

shall be used. 

Table 2. Instrument calibration intervals. 

Rate of Flow Torque 

Quantity meter Dynamometer 

with scale 

6 years 

Weighing tank 1 year Dynamometer 

with load scale 

6 months 

Volumetric tank 10 years Torque bar 1 year 

Rate meters Calibrated motor Not required 

Venturi Not required Strain gauges 6 months 

Nozzle Not required Power 

Orifice Plate Not required kW transducer 3 years 

Weir Not required Watt-amp-volt 

meter 

1 year 

Turbine 1 year Transmission 

gears ≤500 HP 

10 years 

Magnetic flow 1 year Transmission 

gears >500 HP 

20 years 

Rotameter 5 years Speed 

Propeller 1 year Tachometers 3 years 

Ultrasonic 5 years Eddy current drag 10 years 

Pressure Electronic Not required 

Bourdon tube 4 months Frequency-responsive devices 

Manometer Not required Vibrating reed 10 years 

Dead weight tester 1 year Electronic 10 years 

Transducer 4 months Photocell 10 years 

Digital indicator 1 year Stroboscopes 5 years 

Temperature Electrical 

Electric 2 years Voltage 1 year 

Mercury 5 years Current 1 year 
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3. Test Configuration 

The recommended pump test configuration is shown in the diagram in Figure 1, below. 

 

 

Figure 1. Test configuration diagram. 

3.1. Description of testing components 

This section describes the various aspects of the testing setup shown in Figure 1. 

3.1.1. Open or closed tank 

A tank should be provided with sufficient volume to maintain a constant flow rate 

and pressure in the test system. Water will be circulated into and out of this tank, 

maintaining a constant liquid level in the tank. This tank may be closed or open to 

atmosphere. 

3.1.2. Flowmeter 

A flowmeter that meets the requirements as defined by section 2 shall be installed 

on either the suction (inlet) or discharge (outlet) side of the pump under test. 

3.1.3. Control valve for throttling suction 

An optional valve may be installed on the suction (inlet) side of the pump to 

regulate the flow rate. This may be manually or operable or automated. 

3.1.4. Thermometer 

Thermometer (either mercury or electronic) to record the temperature of the water 

in the test setup. Tests should be conducted as close to 20°C as possible. The 

specific gravity of the water should be corrected for temperatures other than 20°C. 
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3.1.5. Dampening valve 

A needle valve, capillary tube, or similar device for dampening pressure 

variations in the pressure gauge. 

3.1.6. Suction pressure gauge 

A pressure measurement device meeting the requirements in section 2 for 

determine pressure at the suction (inlet) side of the pump under test. 

3.1.7. Discharge pressure gauge 

A pressure measurement device meeting the requirements in section 2 for 

determine pressure at the discharge (outlet) side of the pump under test. 

3.1.8. Accumulator tank 

An accumulator tank, or other backpressure regulation device, may optionally be 

used to maintain constant pressure on the discharge (outlet) side of the pump. 

3.1.9. Discharge control valve 

An optional valve may be installed on the discharge (outlet) side of the pump to 

regulate the discharge backpressure. 

3.1.10. Current sensor 

An in-line, Hall effect, or current transformer-type current sensor meeting the 

requirements in section 2 shall be used to monitor AC or DC input current to the 

pump motor. 

3.1.11. Voltage sensor 

The input voltage to the pump motor shall be monitored either directly or by 

means of a voltage divider, or an AC or DC voltage transducer, meeting the 

requirements in section 2. 

3.1.12. DC power supply 

For pumps with DC motors, a DC fixed power supply may be used to power a 

pump motor. The power supply shall be capable of supplying rated voltage and 

power to the pump motor, and must be essentially ripple free. To be considered 

ripple free, the peak-to-peak value of the AC current component shall be less than 

6%, or the RMS value less than 2%, of the rated current of the test motor under all 

test conditions.  

 

A photo-voltaic simulator or outdoor test using the associated photo-voltaic 

panels may optionally be used to power a pump motor. Unlike a power supply 

that has infinite current, a PV simulator or panels provides power to the pump 

along a power curve that determines voltage and current.  

3.1.13. AC power supply 

An AC power supply capable of supplying the full load current of the pump motor 

at the rated voltage and frequency shall be provided. The voltage waveform 

should be as close to purely sinusoidal as possible; voltage waveform deviation 

should not exceed 10%. The frequency should be maintained within ±0.5% of the 

required testing value. When evaluating motor efficiency, the rated frequency 

must be within ±0.5% of the required test value. 
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4. Motor Tests 

This section outlines test procedures for electrically characterizing electric motors used to 

drive a pump. This section outlines test procedures that are applicable to both DC and AC 

motor types. Tests methodologies that are specific to DC motors are detailed in Section 5. If 

the motor uses an AC induction motor, the procedures in Section 6 should be followed.  

4.1. Winding resistance measurement 

The electrical resistance of the motor windings should be established in order to estimate 

conduction (I2R) loss in the machine, as well as determining temperature rise in the 

windings. Resistance measurements should be taken under “cold” conditions when the 

motor has sat idle for sufficient time such that the winding temperature is equal to 

ambient air temperature. Measured values should be corrected to a standard reference 

temperature of 25oC, using EQ. 1: 

𝑅𝑠 =  
𝑅𝑡(𝑡𝑠 + 𝑘)

(𝑡𝑡 + 𝑘)
 

EQ. 1 

Where: 

Rs=  Resistance of winding measured at specified reference temperature ts (Ω) 

Rt =  Resistance of winding at measured temperature tt (Ω) 

ts = Specified reference temperature (25oC) 

tt = Measured temperature (oC) 

k =  234.5 for copper 

 225 for aluminum 

Resistance measurements may be made using a sufficiently accurate, calibrated precision 

resistance meter or impedance analyzer, or by the bridge method. The voltage drop 

method is an acceptable alternate method. 

4.1.1. Precision resistance meter or impedance analyzer 

A digital precision milli-ohm or micro-ohm meter or impedance analyzer with a 

resolution of ≤ 0.1mΩ and an accuracy of ±0.2% may be used for resistance 

measurements. Four wire resistance measurements should be made to compensate 

for lead resistance. Resistance measurements should be made as close to the 

motor terminal windings as possible, with an ambient temperature at or near 25oC. 

4.1.2. Bridge method 

The bridge method is the preferred method for measuring low resistances with 

high accuracy, without the high equipment cost of a precision resistance meter or 

impedance analyzer. The Wheatstone bridge circuit, shown in Figure 2, is 

typically used for high precision measurements of resistance ≥ 1Ω.  
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Figure 2. Wheatstone bridge. 

Two known resistors, R1 and R2, are connected to the unknown winding resistance 

RX, along with an adjustable resistor R3. A detector (either current or voltage) is 

connected between the two nodes as shown. When the circuit is balanced, there 

will be no voltage nor current flow through the detector. When this occurs, the 

unknown resistance RX can be calculated by EQ. 2. 

 

𝑅𝑋 =
𝑅2𝑅3

𝑅1
 EQ. 2 

For resistances < 1Ω the lead wire resistances should be compensated for; the 

Kelvin bridge, shown in Figure 3 is therefore recommended. 

 

 

Figure 3. Kelvin bridge. 

In this case, the unknown resistance RX can be calculated by EQ. 3: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
+ [

𝑅𝑏𝑅𝑦

𝑅𝑎 + 𝑅𝑏 + 𝑅𝑦
] [

𝑅𝐴

𝑅𝐴
−

𝑅𝑎

𝑅𝑏
] EQ. 3 

Where Ry is the resistance of all the associated wires and leads (yoke). For this 

reason, yoke resistance should be minimized as much as possible. Assuming Ry is 
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negligible and RA/RB exactly equals Ra/Rb, EQ. 3 can be simplified and rewritten 

as EQ. 4: 

𝑅𝑋 = 𝑅𝑆

𝑅𝐴

𝑅𝐵
 EQ. 4 

4.1.3. Voltage Drop Method 

This method may be alternatively used if a precision resistance meter or bridge 

resistance measurement device is unavailable. The results, however, will not be as 

accurate relative to the aforementioned methods. In this method, a DC voltage 

source is connected to the motor windings. This DC source can be a switching 

power supply, battery, filtered rectifier, or other suitable supply, but should be 

relatively ripple-free. The resulting current is measured, along with the voltage 

across the winding, and the resistance is calculated according to Ohm’s law. The 

current should not exceed 15% of the rated current to prevent temperature rise in 

the windings, which will skew the results. An optional resistor may be added in 

series with the winding to reduce the current flow. A diagram of the circuit for the 

voltage drop method is shown in Figure 4. 

 

 

Figure 4. Voltage drop method 

4.2. Winding temperature rise 

In order to determine the temperature rise in the machine windings, the motor under test 

should be run with all covers in place, in a test environment with sufficient space for 

heat dissipation and no drafts. The machine should be run at rated voltage and load until 

winding temperature has stabilized. Readings should be taken at least once every 30 

minutes, and are said to have stabilized when they do not vary more than 2% for three 

consecutive readings spaced at least 30 minutes apart. 

Winding surface temperature is typically much lower than the internal temperature; 

therefore, the most reliable method of measuring temperature rise is by accurately 

measuring the winding resistance. Winding resistance measurements should be taken 

using any of the methods described in Section 4.1. Measurements should be made 

quickly to avoid stopping the motor for a prolonged period of time, such that winding 

temperature is maintained. For machines ≤ 50kW readings should be taken within 60s. 
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4.3. Efficiency 

Efficiency refers to the ratio of output power to input power. In the case of the pump 

motor, it represents the percentage of electrical power that is translated to mechanical 

power to the pump. Efficiency may be calculated by directly measuring input and output 

power, and taking the ratio of them (as shown in EQ. 5), or by separately determining the 

individual sources of loss (as shown in EQ. 6). 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] =  [
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
] ∗ 100% EQ. 5 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] =  [
𝑃𝐼𝑁 − 𝑃𝐿𝑂𝑆𝑆

𝑃𝐼𝑁
] ∗ 100% EQ. 6 

 

Efficiency data should be determined at rated voltage and speed. Measurements should 

be taken after the motor has been running at rated load for sufficient time to allow the 

winding temperature to stabilize. See 4.2 for how to determine winding temperature rise 

and how temperature stabilized is determined. 

 

Motor efficiency shall be determined at six points ranging between 25-150% of rated 

load. Specifically, these points shall be approximately: 25%, 50%, 75%, 100%, 125%, 

and 150% of rated load. Machine loading should begin with the highest loading, and 

points taken in descending order. Winding temperature shall be within 10% the hottest 

measured temperature rise as found in 4.2.  

 

The specific parameters to be recorded at each load point differ between DC and AC 

motor types. Specific methods for accomplishing the machine loading also vary based on 

the type of motor being tested. DC motor efficiency test procedures are defined in 

Section 5.5 while those for AC motors can be found in Section 6.3. 

5. DC Motor Tests 

This section describes tests and test procedures that are unique to pumps with brushed or 

brushless DC motors. 

5.1. Winding inductance measurement 

The winding inductance may be determined directly through the use of an impedance 

analyzer, or analytically. If determined analytically, the methodology used varies based 

on the specific construction of the machine under test. 

5.1.1. Shunt and compound-wound machines 

For these types of machines, the unsaturated inductance can be found by applying 

single phase 50 Hz or 60 Hz AC to the armature circuit terminals of the motor. 

The shunt-field winding should be short-circuited to prevent high voltages from 

developing within the windings. The armature should be locked in place during 

testing to prevent motion. 

 

Three values of current, equally spaced, should be applied, with the largest not to 

exceed 20% of the current rating of the motor. An oscilloscope is required to 
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measure the phase angle between the corresponding voltage and current 

waveforms. The inductance can be calculated by EQ. 7: 

𝐿 =  
𝑉𝑠𝑖𝑛𝜃

𝜔𝐼
 

EQ. 7 

Where 

L =  Inductance (H) 

V = Voltage (V) 

I = Current (A) 

θ =  Phase angle between the voltage and current (o) 

ω = Frequency times 2π (rad/s) 

5.1.2. Series excited machines 

For series excited machines, the armature circuit inductance varies widely with 

frequency, and with the magnitude of the DC and AC current components. 

Therefore, inductance values for frequencies other than the test frequency cannot 

be determined analytically using the method described in 5.1.1. For these 

machines, an impedance analyzer is recommended for characterizing the 

inductance over a broader frequency range. 

5.2. Magnetic saturation 

The no-load magnetic saturation curve for the pump motor refers to the nonlinear 

relationship between the terminal voltage of the armature and the field current at rated 

speed. The motor may be separately driven or self-driven during this test. 

 

Data points should be taken at regularly spaced intervals from zero field current up to 

125% of rated voltage, with three of the readings taken as near as possible to 90%, 

100%, and 110% rated voltage. Field current, armature voltage, and machine speed 

readings should be recorded during the duration of the test. 

 

In order to avoid hysteresis effects skewing the results, measurements should be taken 

on separate ascending and descending curves. While on the ascending curve, the 

armature terminal voltage should only increase from one point to the next. If the voltage 

exceeds the intended test point while on an ascending curve, the field current must be 

reduced to zero and the armature terminal voltage should be increased to the test point. 

Similarly, while on the descending curve, the voltage should only be decreased; it should 

never be taken below the intended test point and then increased. If necessary, the field 

current must be increased to the maximum value and the armature terminal voltage 

decreased to the intended test point. 

5.2.1. Separately driven 

For separately driven tests, the machine should be driven at rated speed by any 

suitable source. Field current should be supplied from a separate source to 

stabilize the armature terminal voltage. 

5.2.2. Self-driven 

In cases where an acceptable separate drive is available, a no-load saturation 

curve may be approximated by driving the uncoupled pump motor using a ripple-
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free DC power source capable of operating between 25%-125% of the rated motor 

voltage. In this case, some field current will be required to maintain the machine 

speed, so the results will not be as exact as those obtained by the separately driven 

method mentioned in 5.2.1.  

5.3. Voltage vs. rotational speed 

For DC motors, the rotational speed is directly proportional to the input voltage. A no-

load voltage vs. RPM curve should be created using an adjustable, ripple-free DC power 

supply. The lower boundary for the curve should be the voltage that most closely 

corresponds to 50% of the rated speed, and increased to 125% of rated voltage.  

5.4. Speed regulation 

Speed regulation refers to the effects of machine loading on the rotational speed of the 

motor. The test should be conducted after the motor has been running continuously at 

rated load for sufficient time such that the winding temperature has stabilized. The 

machine loading should be varied several times from full load to no load and back, and 

the machine speed should be recorded. Speed regulation can then be calculated by EQ. 8. 

𝑆𝑝𝑒𝑒𝑑 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 [%] =  [
𝜔𝑛𝑜 𝑙𝑜𝑎𝑑 − 𝜔𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑

𝜔𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑
] ∗ 100% 

EQ. 8 

 

Where ω is the rotational speed of the machine. 

5.5. Efficiency 

Efficiency characterization shall be determined at six load points as defined in Section 

4.2. At each load point the following values shall be recorded: 

1. Voltage input to power supply 

2. Voltage input to armature circuit 

3. Current input to armature circuit 

4. AC component of armature circuit current 

5. Power input to armature current 

6. AC component of power input to armature circuit 

7. Voltage input to shunt-field circuit 

8. Current input to shunt-field circuit 

9. Power input to shunt-field circuit 

10. Speed 

11. Torque 

12. Armature temperature or resistance 

13. Field-coil temperature or resistance 

14. Ambient temperature 

 

Machine loading can be accomplished via a brake, dynamometer, or through the Pump-

back method. 

5.5.1. Machine loading 

Machine loading can be accomplished in a number of different ways. The first 

method is to use a brake and pulley to provide loading to the motor. The motor 
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can also be loaded using a dynamometer and torque meter. In this case, the 

mechanical power can be calculated from EQ. 9: 

𝑃𝑚𝑒𝑐ℎ = 𝜏 ∗ 𝜔 EQ. 9 

Where τ is the measured torque in Newton-meters (Nm) and ω is the rotational 

speed in radians per second (rad/s). 

 

If a dynamometer is used, it must be rated to less than or equal to three times the 

power rating of the machine being tested, and it must be sensitive to a torque that 

is at least 0.1% of the rated torque of the machine under test. 

 

A third option is to use the Pump-back method, which requires two duplicate 

machines. The two machines can be coupled together and electrically connected 

as shown in Figure 5. 

 

Figure 5. Pump-back test system diagram. 

In this configuration, one machine is operated as a generator while the other acts 

as a motor. The main power produced by the generator is pumped back into the 

system via the motor, and the DC power supply only supplies the system losses. 

An optional booster generator can be used to stabilize the system voltages. 

In the diagram in Figure 5, six power resistors are shown to represent the six load 

steps at which measurements will be taken. The normally open (N.O.) contacts 

can be manually or remotely operated during testing. 

5.5.2. Segregated loss method 

For large machines where direct calculation of machine efficiency may not be 

possible, efficiency can be determined by measuring each source of loss 

individually. These sources of loss include: 

• Armature I2R loss 

• Series connected winding I2R 

• Brush contact 

• Stray load 

• Shunt field I2R 

• Rheostat 

• Exciter 

• Rotational core 

• Brush friction 

• Friction and windage 

• Ventilating 
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The methods for testing and measuring each loss source is beyond the scope of 

this document, and can be found in IEEE-113. 

5.6. Torque-current characterization curve 

The torque-current characterization is the relationship between the field current drawn 

by a DC motor at a particular mechanical load (torque). The machine can be loaded in 

any of the methods described in Section 5.5.1. Data points should be gathered at the six 

load points used to evaluate machine efficiency. If it is anticipated that this motor might 

run on DC power source with a variable voltage output, such as a solar photovoltaic 

array, these curves should be generated for each voltage value that will be used for pump  

testing (see 7.2 for a description of how to determine these voltages). 

6. AC Induction Motor Tests 

This section describes the tests used to characterize an AC induction motor for pumps. A 

common equivalent circuit model for an induction motor is shown below in Figure 6. 

 

 

Figure 6. Equivalent circuit for an induction motor (single-cage rotor model). 

The equivalent circuit shown in Figure 6 is a single-cage rotor model, which is sufficient for 

predicting the motor characteristics in the normal operational range. If low speed and/or 

motor starting characteristics are of particular interest, a double-cage model should be used 

(see [8]). 

 

The key parameters of this model are: 

• Stator winding resistance (Rws) – the electrical resistance of the stator winding. This 

value contributes to load losses in the motor that increase with the square of the 

operating current (I2R losses). This is found in 4.1. 

• Stator and rotor winding leakage inductance (Lls and Llr) – this is a self-reactance in 

the stator and rotor windings that contributes to voltage drop, and hence loss, in the 

motor windings. These are found in 6.1. 

• Core loss resistance (RC) – some real power is lost in the motor core, which can be 

represented by a shunt core loss resistor. Core losses tend to be insensitive to motor 

loading, and can be assumed to be essentially constant regardless of motor load. This 

is found in 6.1.1. 

• Magnetizing inductance (LM) - a certain amount of reactive current is required to 

maintain the motor excitation, which can be represented as an additional shunt 

inductor. This is found in 6.1.1. 
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• Slip (s) – this is the difference between synchronous speed and measured rotational 

speed of the motor. It is typically as a per unit value relative to synchronous speed, as 

shown in EQ. 10.  

𝑠 =
𝑛𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠− 𝑛𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑛𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠
  EQ. 10 

 

• Rotor winding resistance (Rwr) - the electrical resistance of the rotor winding, which 

is inversely proportional to slip. This value contributes to load losses in the motor that 

increase with the square of the operating current (I2R losses). This is found in 6.1. 

6.1. Locked-rotor tests 

Running the motor with the rotor locked allows winding resistance and reactance values 

to be determined. The rotor should be locked to prevent rotation, using any available 

means, such as a brake, dynamometer, or torque table. During locked rotor, the 

magnetizing branch can be neglected, and slip is one per unit (s=1pu), such that the 

equivalent circuit can be drawn as shown in Figure 7. 

 

 

Figure 7. Induction motor locked-rotor equivalent circuit. 

A variable AC voltage source with rated frequency is required. The applied voltage 

should start at zero, and should be slowly increased until rated current is measured. The 

voltage at which rated current is achieved should be noted and recorded as the locked-

rotor voltage (VLR). The equivalent impedance (ZLR) can then be determined from EQ. 11. 

𝑍𝐿𝑅 =
𝑉𝐿𝑅

𝐼𝑅𝐴𝑇𝐸𝐷
 EQ. 11 

Using this, along with the stator winding resistance found in 4.1, the rotor winding 

resistance can be calculated using the real part of ZLR as shown in EQ. 12. 

𝑅𝑤𝑟 = 𝑅𝑒{𝑍𝐿𝑅} − 𝑅𝑤𝑠 EQ. 12 

Assuming Lls is equal to Llr, these can be found by from the imaginary part of ZLR using 

EQ. 13. 
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𝐿𝑙𝑠 = 𝐿𝑙𝑟 =
1

2𝜔
𝐼𝑚{𝑍𝐿𝑅} 

EQ. 13 

6.1.1. Locked rotor current and torque 

The locked rotor current [also referred to as Locked Rotor Amps (LRA)] should 

be determined at rated frequency and within ±5% of rated voltage. Note that this 

test is potentially destructive, so all readings must be made as quickly as possible. 

All readings must be taken within 5s of applying voltage. 

 

The locked rotor torque will vary as a function of angular position of the rotor 

with respect to the stator. For this reason, determining the locked rotor torque 

requires making several measurements, with the rotor adjusted approximately 1/8 

turn between each reading. The results should then be plotted as a torque versus 

angular position plot. The locked rotor torque is defined as the minimum torque 

developed at rest in any angular position of the rotor. 

6.2. No-load test 

Running the unloaded motor allows the no-load losses to be determined. No load losses 

are the sum of stator resistive loss, rotor resistive loss, core loss, and friction and 

windage losses. No load testing can also be used to find RC and LM parameters. There are 

two different ways to conduct no-load testing: the separately driven method uses a 

separate DC machine to rotate the motor under test at rated speed, while the self-driven 

runs the motor runs the motor unloaded at rated frequency and voltage. Core loss is 

sensitive to frequency, so frequency must be maintained within ±0.5% of rated during 

this test. 

6.2.1. Separately driven 

The most accurate method for determining no-load losses is to use a separate DC 

machine to drive the induction motor to synchronous speed, such that slip equals 

zero. At zero slip (s=0), the rotor winding resistance Rwr/s term will be infinite, 

meaning the rotor branch can be treated as an open circuit. An AC voltage source 

is used to supply rated voltage and frequency. The no-load impedance (ZNL) can 

then be calculated by from the measured no-load current (INL) as shown in EQ. 14. 

𝑍𝑁𝐿 =
𝑉𝑅𝐴𝑇𝐸𝐷

𝐼𝑁𝐿
 EQ. 14 

From here, the core resistance and magnetizing inductance can be found from the 

real and imaginary components, respectively, of the no-load resistance, as shown 

in EQ. 15 and EQ. 16. 

𝑅𝐶 = 𝑅𝑒{𝑍𝑁𝐿} − 𝑅𝑤𝑠 EQ. 15 

𝐿𝑀 =
1

𝜔
𝐼𝑚{𝑍𝑁𝐿} − 𝐿𝑙𝑠 

EQ. 16 

Where Rws is the stator winding resistance, as found in 4.1 and Lls is the stator 

leakage reactance as found in 6.1. 
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6.2.2. Self-driven 

If a separate DC motor that is sufficient to drive the induction motor to 

synchronous speed is unavailable, no-load losses can be approximated by the 

power consumed by the unloaded motor when driven at rated voltage and 

frequency. Note that because slip is non-zero during this test, rotor resistance and 

leakage reactance will affect the results, such that the results, notably the core 

resistance, will be less accurate than the separately driven method. 

 

The measured no-load current (INL) can be used to find RC and LM using the same 

equations that were used for the separately driven method (EQ. 14, EQ. 15 and EQ. 

16). 

6.3. Efficiency 

Induction motor efficiency shall be determined in accordance with the requirements in 

4.3. At each of the six points the following parameters shall be recorded. 

1. Electrical input power (real and reactive) 

2. Input voltage 

3. Input current 

4. Input frequency 

5. Slip 

6. Output torque 

7. Ambient temperature 

8. Stator winding temperature and/or stator winding resistance 

For item 8 the winding resistance shall be corrected to a standard temperature of 25oC. 

6.3.1. Machine loading 

Machine loading can be accomplished in a number of different ways. The first 

method is to use a brake and pulley to provide loading to the motor. The motor 

can also be loaded using a dynamometer and torque meter. In this case, the 

mechanical power can be calculated from EQ. 17. 

𝑃𝑚𝑒𝑐ℎ = 𝜏 ∗ 𝜔 
EQ. 

17 

Where τ is the measured torque in Newton-meters (Nm) and ω is the rotational 

speed in radians per second (rad/s). 

 

If a dynamometer is used, it must be rated to less than or equal to three times the 

power rating of the machine being tested, and it must be sensitive to a torque that 

is at least 0.1% of the rated torque of the machine under test. 

 

If a suitable source of mechanical load is not available, another method for 

loading the motor using the motor-generator slip method can be used. This 

method requires two identical machines. The machines are coupled together as 

shown in Figure 8. 
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Figure 8. Diagram for motor-generator slip test. 

An AC power source at rated frequency and voltage should drive one machine 

acting as the motor. This is coupled an identical machine that will act like a 

generator. Torque and speed should be calculated at the point where the machine 

shafts are coupled together for determined mechanical power according to EQ. 17.  

 

The stator of the machine acting as a generator should be connected to a variable 

frequency AC source, such as a Variable Frequency Drive (VFD), operating at 

rated voltage, which will supply the necessary excitation current. A fixed load 

will be connected on parallel with both the generator machine and the variable 

frequency AC source. By adjusting the frequency of the variable frequency AC 

supply, the relative slip between the generator and the AC source can be 

controlled. The power output of the generator can thus be controlled using the 

slip. 

 

The advantage to this method is that high power resistive loads and VFDs are 

readily available and can generally be procured for a much lower cost than a 

dynamometer. The other advantage is that dynamometers must be rated within 

1.5-3 times the motor under test; therefore testing multiple motor sizes may 

require multiple dynamometers. This method, in contrast, can be easily adapted to 

different motor sizes. A torque meter sensitive to a change in torque of ≤ 0.1% of 

the rated motor torque and tachometer or other speed measurement instrument 

meeting the accuracy requirements in 2.10 are required. 

 

Care should be taken to avoid reverse power flow into the variable frequency AC 

source if it is not rated for reverse power flow. 

6.4. Power Factor 

Power Factor (PF) is the ratio of real power to total apparent power. 

𝑃𝐹 =
𝑃

𝑉𝐼
=

𝑃

√𝑃2 + 𝑄2
 EQ. 18 

 

PF should be recorded at no load, and at the six load test points used for efficiency 

measurements. These points should be used to generate a PF versus loading curve. 
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6.5. Speed-torque and Speed-current Characteristic 

The speed-torque characteristic of a motor refers to the torque delivered to a load as a 

function of motor speed. When plotted as a curve, key motor parameters can be 

identified. A representative characteristic speed-torque curve is shown in Figure 9. 

 

Figure 9. Representative speed vs. torque characteristic curve for a single-phase 

induction motor. 

The key parameters of the curve include: 

• Locked rotor torque – the minimum torque produced by a motor at zero speed 

(see 6.1.1) 

• Pull-up torque – the local minimum of the curve between the locked-rotor torque 

and breakdown torque 

• Breakdown torque – the maximum torque delivered by the motor as it accelerates 

from rest to synchronous speed (note that this is typically much greater than rated 

torque) 

• Synchronous – at synchronous speed, slip and torque are both zero. In practice, 

the motor will always be slightly below synchronous speed, unless it is separately 

driven by an external source. 

Similar curves can be derived for the speed-current relationship. These are often plotted 

together, with a common speed scale on the x-axis. 

 

Four methods of obtaining the speed-torque and speed-torque characteristics are outlined 

in IEEE-114. In all methods, the motor should be driven at rated voltage and frequency.  
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6.5.1. Measured output 

The motor is loaded via a dynamometer or any other method as defined in 6.3.1. 

For maximum accuracy, the friction and windage losses of the load must be 

known and the results must be compensated to account for them. 

 

At least ten, equally spaced points shall be measured at speeds ranging from 

roughly 1/3 of the synchronous speed up to the maximum speed of the motor. At 

each point the input voltage and current, and output torque shall be recorded. Data 

shall be recorded while the motor is at steady state, such that acceleration or 

deceleration effects do not influence the results. The y-intercept of the curve 

should be the locked-rotor torque found in 6.1.1. 

 

The corrected torque, when accounting for the load friction and windage losses, 

can be calculated by EQ. 19. 

 

𝜏𝑐 =
𝑘(𝑃𝑜 − 𝑃𝑙)

𝑛
 

EQ. 19 

 

Where: 

  τc =   Torque, corrected for load losses (Nm) 

k  =  Constant based on units of measure 

Po =  Measured output power (W) 

Pl =  Friction and windage losses of the load (W) 

n = Motor speed (rpm) 

6.5.2. Acceleration 

This method requires the rotational moment of inertia to be known for all rotating 

parts, either through calculation or via measurement. The motor is accelerated 

from rest to its maximum speed approaching synchronous. As the motor 

accelerates, simultaneous readings of input current and motor speed must be taken 

at regular, fixed time intervals. Torque can be calculated at each recorded speed 

value using EQ. 20. 

𝜏 =
𝑎𝐽

𝑘
 

EQ. 20 

Where: 

  τ =   Torque (Nm) 

k  =  109.7 ∙ 10−4 for the units shown 

a =  Acceleration (rpm/s) 

J =  Rotational moment of inertia (kg∙m2) 

6.5.3. Input 

This method calculates torque by subtracting losses from the measured input 

power. At least ten, equally spaced points shall be measured at speeds ranging 

from roughly 1/3 of the synchronous speed up to the maximum speed of the 

motor. At each point the input voltage, current, and power shall be recorded and 
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plotted against speed. The y-intercept of the curve should be the locked-rotor 

torque found in 6.1.1. 

𝜏 =
𝑘

𝑛
(𝑃𝑖 − 𝑃𝑙) − 𝜏𝑓𝑤 

EQ. 21 

Where: 

  τ =   Torque (Nm) 

k  =  Constant based on units of measure 

n =  Motor speed (rpm/s) 

Pi =  Input power (W) 

Pl =  Stator resistive loss (I2Rws, W) 

τfw = Friction and windage torque at speed n (Nm) 

 

The friction and windage torque (τfw) is defined as the torque required to rotate the 

de-energized motor to the specified speed n. 

6.5.4. Direct measurement 

The direct measurement method uses continuous data acquisition to record input 

current and output torque over the full range of motor speeds. Data should be 

recorded and plotted at chosen speeds to determine the key torque characteristics, 

such as the pull-up and breakdown torque. The motor should be given sufficient 

time to settle at each speed point such that steady state values can be obtained. 

7. Pump Performance Testing 

Pump performance testing should be conducted using the setup configuration shown in the 

diagram in Figure 1. Measurements should be taken once the system has reached steady state, 

equilibrium conditions at each test point. Fluctuations for each process variable should not 

exceed the maximum acceptable fluctuations listed in Table 3. 

Table 3. Acceptable steady state test value fluctuations. 

Process variable Acceptable fluctuation of test reading 

Rate of flow ±3% 

Differential pressure ±2% 

Discharge pressure ±2% 

Suction pressure ±2% 

Input power ±2% 

Pump Speed ±1% 

 



22 

 

7.1. Test methodology 

Testing shall be completed with clear water, with liquid temperature between 10-30oC. 

Clear water is defined as water with a maximum viscosity of 1.5∙10-6 m2/s and a 

maximum density of 1,000 kg/m3. The pump should be operated at or near the known (or 

expected) Best Efficiency Point (BEP) for at least 20 minutes prior to evaluation to 

allow for break-in of the driver and other mechanical components. 

 

The tests should follow a modified version of the test methodology described in standard 

IEC 62253: Photovoltaic pumping systems – Design qualification and performance 

measurements. There are two main pump characteristics testing: a comparison of head 

vs. flow over numerous constant motor speeds (H v Q) and a comparison of power vs. 

flow over numerous constant total differential head values (P v Q). 

 

Regardless of the power supply type, a set of exploratory tests shall be conducted to 

define the range for total differential head (TDH) and rotational motor speed at standard 

and rated testing conditions. The TDH and motor speed intervals for the H v Q and P v 

Q tests are determined by at least 7 equally spaced values between and including the 

values that are recorded when the test configuration is fully open and just before the 

‘dead head’ point of the pump, which is when the pump can no longer overcome the 

pressure applied to the outlet.  

 

When using a PV simulator or actual PV panels, an additional set of exploratory tests 

shall be conducted to define the lower limit of irradiance for each TDH interval. The 

lower limit of irradiance at each TDH interval is defined as the solar intensity just before 

the pump can no longer operate. As the TDH approaches the upper limit, the 

corresponding lower limit of irradiance is expected to increase. For example, near 

TDHmax the lower limit of irradiance may be 500 W/m2 but when the system is at full 

open, the lower limit of irradiance may be 50 W/m2. 

 

Refer to IEC 62253 for the methods to complete and an example of a H v Q 

characterization. Using a PV simulator or PV panels to complete this characterization for 

a pump with a DC motor is difficult given that at a fixed irradiance, voltage (thus motor 

speed) will fluctuate as TDH changes. This is due to a PV source having limited current 

along a fixed voltage curve. A H v Q characterization may be better completed by a 

power supply without current limitations.   

 

Refer to IEC 62253 for the methods to complete and an example of a P v Q 

characterization. When using a PV simulator, tests shall be conducted at each of the 

TDH intervals for at least 7 equally spaced irradiance values between the respective 

lower limit for each TDH and 1100 W/m2. The data from the P v Q test can be used to 

create a min, max, or mean efficiency vs head, flow, or power curve.  
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At each test point the following variables should be recorded: 

• Suction pressure 

• Discharge pressure 

• Flow rate 

• Input voltage 

• Input current 

• Motor torque 

• Motor speed 

 Each test point should be maintained for a minimum of 150 seconds before changing 

 conditions. To eliminate transitions between conditions, the first and last 15 seconds of 

 each test point should be excluded from data analysis. 

   

7.2. Variable voltage DC systems 

If the DC voltage source to the pump is variable, such as a solar photovoltaic array, and 

a fixed power supply is used, then a range of representative DC voltages should be 

applied. At least seven equally spaced DC voltage values should be chosen, with the 

lower boundary being the voltage that was found to correspond to a pump speed of 50% 

of the rated, no-load speed, as determined by the voltage vs. speed curve defined by 

Section 5.3. The upper voltage should be either the rated voltage of the pump motor, or 

the maximum anticipated input voltage from the DC source, whichever is greater. Due to 

the inverse relationship between photovoltaic voltage and temperature, the maximum 

power voltage (Vmp) should be calculated for the minimum anticipated ambient operating 

temperature (Tmin) using EQ. 22:  

𝑉𝑚𝑝@𝑇𝑚𝑖𝑛
= 𝑉𝑚𝑝@𝑆𝑇𝐶[1 + 𝛽𝑉(25𝑜𝐶 − 𝑇𝑚𝑖𝑛)] EQ. 22 

Where: 

Vmp@Tmin =   Maximum power voltage at minimum temperature (V) 

Vmp@STC =  Maximum power at standard test conditions (STC) [1,000 W/m2 and 25oC], 

according to the manufacturer’s datasheet (V) 

βv =  Temperature coefficient of the module voltage according to the 

manufacturer’s datasheet (V/oC) 

Tmin =  Minimum operating temperature as determined by NEC 690.7 (oC) 

 

At least seven voltages, approximately equally spaced, between the maximum and 

minimum voltages should be applied. These voltage values will linearly correlate with 

motor rotational speed in DC motors.  

 

Note that if a direct measurement of motor torque cannot be obtained while the motor is 

connected to the pump, the torque can be approximated by measuring the input current 

and/or motor speed and using the torque-current curve created in Section 5.6 (for DC 

motors) or the speed-torque and speed-current characterization curves created in Section 

6.5.  
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7.3. Efficiency 

From the data collected in Section 7.1, different efficiency metrics can be obtained. 

These include overall efficiency and pump efficiency. For reciprocating pumps, an 

additional metric, volumetric efficiency, can be determined. 

7.3.1. Overall efficiency 

The overall pump efficiency, sometimes referred to as “wire to water efficiency,” 

is the ratio of pump output power to the total electrical input power. It requires 

calculating the pump output power, which is the power imparted to the liquid by 

the pump, and is also referred to as water horsepower or liquid horsepower. Pump 

output power (Pw) is calculated by Equation 23: 

𝑃𝑤 =
𝑄𝑝∆

3600
 

EQ. 23 

Where: 

Pw =   Pump output power (W) 

Q =  Flow rate (m3/hr) 

pΔ = Differential pressure (kPa) 

 

Using this, overall efficiency can then be calculated from EQ. 24. 

𝜂𝑜 =
𝑃𝑤

𝑃𝑚𝑜𝑡
∗ 100% EQ. 24 

Where: 

Pw =   Pump output power (W) 

Pmot =  Power delivered to pump motor (W) 

7.3.2. Pump efficiency 

Unlike overall efficiency, pump efficiency is looking at the pump in isolation and 

neglects losses in the motor. Pump efficiency (ηp) is defined by the ratio of pump 

output power (Pw) to pump input power (Pp) as shown in EQ. 25: 

𝜂𝑝 =
𝑃𝑤

𝑃𝑝
∗ 100% EQ. 25 

Where pump input power (Pp) is the mechanical input power delivered to the 

shaft of the pump, and can be defined by EQ. 26: 

𝑃𝑝 = 𝜔 ∗ 𝜏 EQ. 26 

Where: 

τ =   Torque (Nm) 

ω =  Rotational speed (rad/s) 
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7.3.3. Volumetric efficiency 

Volumetric efficiency is the ratio of the flow rate of a pump to its displacement. 

For reciprocating pumps, the displacement is the swept area by all pistons or 

plungers per unit of time, and is calculated by EQ. 27: 

Where: 

A =   Swept area of the piston or plunger (mm2) 

L =  Stroke length of the piston or plunger rod (mm) 

n = Pump speed (rpm) 

M = Number of pistons 

 

For double-acting piston type pumps the area of the piston rod (a) should be 

deducted. In this case EQ. 28 should be used. 

𝐷 =
(2𝐴 − 𝑎) ∗ 𝐿 ∗ 𝑛 ∗ 𝑀

16.7 ∗ 106
 

EQ. 28 

Once displacement is known, volumetric efficiency (ηv) can be calculated from 

EQ. 29: 

𝜂𝑣 =
𝑄

𝐷
 

EQ. 29 
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Appendix A: List of tests 

The test procedures discussed in this document are very comprehensive, and some may yield 

more meaningful results than others for the purposes of characterization and performance 

evaluation. To assist users of this test method, a list of all test procedures described has been 

provided in Table A 1 below. A qualitative level of importance (1-10) and degree of difficulty (1-

10) has been assigned, as well as a relative equipment cost, for each test. These are subjective 

assessments only. 

Table A 1. List of test procedures. 

Test Name Section Level of 

importance 

Degree of 

difficulty 

Relative cost of 

equipment 

Winding resistance 

measurement 

4.1 
3 2 

Low 

Winding inductance 

measurement 

0 
2 4 

Medium 

Magnetic saturation 5.2 2 3 Low 

Voltage vs. rotational 

speed 

5.3 
10 1 

Low 

Speed regulation 5.4 4 5 Medium 

Motor efficiency 5.5 9 8 High 

Speed-torque 

characterization 

5.6 
9 10 

High 

Winding temperature rise 4.2 2 5 Low 

H v Q 7.1 8 10 High 

P v Q 7.1 10 9 High 

Overall efficiency 7.3.1 10 8 Medium 

Pump efficiency 7.3.2 8 9 High 

Volumetric efficiency 7.3.3 5 2 Low 
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1 Overview 

This report will describe the tests conducted to evaluate and characterize a solar irrigation 

pump system obtained from Futurepump. This type of solar pumping system is marketed to 

smallholder farmers for irrigation using shallow water sources. The purpose of this testing 

was to obtain basic electrical and hydraulic characteristics and provide performance 

benchmarks. 

2 Description of Solar Irrigation Pump System 

The Futurepump SF2 is a surface water pump targeted towards smallholder farmers. The 

system consists of three main parts: the solar photovoltaic (PV) modules, a Permanent 

Magnet Direct Current (PMDC) motor, and the reciprocating piston pump. The complete 

manufacturer’s datasheet is provided in Appendix A. 

 

The system is supplied with two Raaj R040P 40W, 36 cell, polycrystalline silicon PV 

modules, with provisions for an optional third module. All modules are combined in series 

so that the voltage is additive, but the total current is the same for all modules. The 

specification sheet for the PV module can be found in Appendix B. 

 

The combined solar input provides Direct Current (DC) power directly to an Adroit Systems 

PMF-060-P permanent magnet DC (PMDC) brush motor. The PMDC motor is rated for 

36VDC nominal, up to 60VDC maximum, with a maximum continuous current of 2.5A. 

One of two pulley gears is used to connect the PMDC motor to the flywheel which drives 

the pump: a 90mm pulley gear which provides maximum flow at low pumping heads, and a 

50mm pulley gear which produces a lower flow rate but can achieve greater pumping heads.  

 

The pulley gear connects the PMDC motor to the flywheel, which in turn drives the positive 

displacement, reciprocating piston pump. The pump consists of a single 104mm diameter 

piston with a total displacement volume of 150cm3 per stroke. The SF2 pump is capable of 

up to 7m of suction lift, with a maximum total lift not to exceed 15m (when using the 50mm 

pulley gear). With two PV modules the maximum rated flow rate is 43 liters per minute 

(LPM) when using the 90mm pulley gear and 29LPM when using the 50mm pulley gear. 

 

The SF2 solar pump system has no active voltage or current regulation, nor does it provide 

any Maximum Power Point Tracking (MPPT) capability. Instead, the motor was observed to 

draw current based on its instantaneous loading, and the input voltage varied based on the 

current vs. voltage relationship of the input PV module (see section 5 for more detail). 

3 Test and Measurement Equipment Description 

A schematic diagram of the test setup that was used for performance testing and evaluation 

is shown in Fig. 1. 
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Fig. 1. Pump test diagram 

The following sections describe the various pieces of test and measurement hardware that 

were used. 

3.1 PV Simulator 

In order to provide a more controlled experimental setup, two ETS60X14C Elgar ETS 

TerraSAS PV simulators were used in lieu of the Raaj PV modules. These PV simulators 

were each programmed to have the same voltage and current profile as the Raaj R040P PV 

modules that are supplied as part of the SF2 solar pumping system. The two outputs were 

combined in series and connected to the motor input power receptacle. 

3.2 Voltage 

A CR Magnetics CR5311-50 voltage transducer was used for DC voltage measurements 

up to 50VDC. Rated accuracy of this device was ±1.0%. 

3.3 Current 

Current measurements were recorded using a CR Magnetics CR5211-10 hall effect current 

transducer rated for up to 10ADC. Rated accuracy of this device was ±1.0%. 

3.4 Pressure 

Two pressure transducers were used, one on the suction side of the pump and one on the 

discharge side. The suction side pressure transducer was an Omega PX309-015CG5V with 

a measurement range of -15 to +15 pounds per square inch (psi). On the discharge side, an 

Omega PX319-V150G5V was used, which was rated for -15 to 150psi. Both transducers 

had a rated accuracy of ±0.25%. 
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3.5 Flow Meter 

Liquid flow was measured using an Omega FMG-981-P insertion electromagnetic flow 

meter. This device was capable of measuring flow rates of 2.6-185LPM. The calibration 

accuracy of this device was ±1.0% of full scale. The flow meter had a pulsed output which 

was calibrated to produce 712 pulses per gallon (188.1 pulses per liter). This corresponded 

to 5.32 milliliters per pulse. By measuring the period between pulses, the flow rate could 

be determined. 

3.6 Backpressure Regulator 

Discharge head was controlled through the use of an Equilibar QPV1MANEEZ-

P100PSGAXL electronic pressure regulator. This device was able to accept a 0-10V 

analog input to control the pressure within a GSD8PNT5-NPCP50T40G10VV precision 

backpressure regulator. The QPV series had a rated accuracy of ±0.25% of full scale, with 

resolution of ±0.01%.  

3.7 Data Acquisition (DAQ) 

DAQ for real time measurements of all system parameters were recorded using a National 

Instruments LabView application. The analog inputs were read using an NI 9201 C series 

analog input module at a fixed sample frequency of 1.6 kilo-samples per second (kS/s). 

Digital inputs were sampled using an NI 9381 multifunction I/O C series module at a rate 

of 100 kHz. The high frequency sampling was handled using the on-board FPGA that is 

integrated into the NI cRIO 9064 chassis. A real-time program aggregated the data in 0.5 

second increments, computed the average and RMS for all signals, and communicated 

these via a network stream over TCP/IP. Finally, a host program was used to collect the 

data from the network stream and save to an NI TDMS file. 

4 Test Description 

Two different sets of tests were conducted to characterize the pump performance: flow rate 

versus input power (PQ) and flow rate versus head (HQ) tests. 

4.1 PQ Characterization 

A set of PQ curves were created with nine different values of backpressure. First, the 

maximum pumping head was empirically determined by running the pump with the 

simulated solar input at Standard Test Conditions (STC), defined as an irradiance of 

1,000W/m2 and temperature of 25oC. The setpoint of the backpressure regulator was 

gradually increased until the flow rate fell below the minimum detectable flow of the flow 

meter (2.6LPM). This was repeated for both the small (50mm) and large (90mm) pulley 

gears, and the pressure at which flow fell below the detectable rate was noted (HMAX). 

 

The first seven backpressure values (H1-H7) were defined as 90%, 80%, 70%, 60%, 50%, 

40%, and 30% of HMAX, as defined by IEC 62253 [1]. Two additional points were added, 

one at 15% of HMAX, and a final one with the backpressure regulator full open (setpoint of 

zero). All setpoints for both the small and large pulley are listed in both PSI and meters of 

head (m) in Table I.  
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Table I. Backpressure setpoints for PQ characterization tests. 

 50mm Pulley 90mm Pulley 

 PSI m PSI m 

HMAX 25.5 17.93 11.1 7.81 

H1 23.0 16.14 10.0 7.03 

H2 20.4 14.35 8.9 6.24 

H3 17.9 12.55 7.8 5.46 

H4 15.3 10.76 6.7 4.68 

H5 12.8 8.97 5.6 3.90 

H6 10.2 7.17 4.4 3.12 

H7 7.7 5.38 3.3 2.34 

H8 3.8 2.69 1.7 1.17 

H9 0.0 0.00 0.0 0.00 

  

Note that open loop pressure control was used; this means that the actual measured system 

pressure was not used to adjust the setpoint. Consequently, actual system pressure often 

deviated from the setpoint, and significant steady state variation was observed under 

certain operating scenarios. 

 

For each value of backpressure, the available input power to the solar pumping system was 

reduced by decreasing the available irradiance for the PV simulator. The irradiance input 

was started at 110% of full sun (1,100W/m2), corresponding to ideal solar conditions, and 

gradually decreased until zero flow was recorded. 

 

For higher values of head (H1 through H6), zero flow was achieved around or before 

irradiance dropped to half sun (500W/m2). For the large pulley, the irradiance had to be 

reduced to around 300W/m2 to achieve zero flow, and when using the small pulley at the 

lowest values of head flow was still observed until irradiance was reduced to around 

150W/m2. Three profiles were therefore created: one for moderate to high head which 

varied the irradiance from 1,100W/m2 to 500W/m2 in 12 equal steps of 50W/m2, one for 

low head which varied from 1,100W/m2 to 300W/m2 in 12 equal steps of 66.7W/m2, and 

one for very low head which varied from 1,100W/m2 to 140W/m2 in 80W/m2 steps. Each 

step was held for 150s. These three profiles are plotted in Fig. 2. Note that simulated 

temperature was held constant at 25oC for all tests. 
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Fig. 2. The three irradiance profiles used for PQ characterization tests. 

4.2 Flow Rate versus Head 

In the second set of tests, the flow rate versus head characteristics for the solar pumping 

system were investigated. For these tests, the PV simulator was left at STC (1,000W/m2, 

25oC), and the backpressure was varied from high to low. The starting pressure was 

selected such that no detectable flow was present, and was stepped down in 12 steps to 

zero. For the small pulley, the backpressure was varied from 24psi (16.9m) to zero in 2psi 

(1.4m) increments; for the large pulley the backpressure was varied from 12psi (8.44m) to 

zero in 1psi (0.7m) increments. Each step was held for 150s. 

4.3 Calculation Methods 

Bernoulli’s equation was used to calculate the static pressure at the outlet side of the pump. 

The datum was set at the inlet side of the pump.  

 

𝑃𝑜𝑢𝑡𝑙𝑒𝑡 = 𝑃𝑔,𝑑𝑖𝑠 +
1

2
𝜌𝑤𝑉2

𝑔,𝑑𝑖𝑠 −
1

2
𝜌𝑤𝑉2

𝑜𝑢𝑡𝑙𝑒𝑡 + 𝜌𝑤𝑔ℎ𝑓 + 𝜌𝑤𝑔𝑧𝑔,𝑑𝑖𝑠 − 𝜌𝑤𝑔𝑧𝑜𝑢𝑡𝑙𝑒𝑡 EQ. 1 

 

Where: 

𝑃𝑜𝑢𝑡𝑙𝑒𝑡 = Static pressure at outlet side of pump (Pa) 

𝑃𝑔,𝑑𝑖𝑠 = Gauge pressure as measured on discharge side of pump (Pa) 

𝜌𝑤 = Density of water (kg/m3) 

𝑉𝑔,𝑑𝑖𝑠 = Water velocity at gauge on discharge side of pump (m/s) 

𝑉𝑜𝑢𝑡𝑙𝑒𝑡 = Water velocity at outlet (m/s) 

𝑔 = Acceleration due to gravity (9.81m/s2) 

ℎ𝑓 = Frictional losses between outlet side of the pump and pressure gauge 

𝑧𝑔,𝑑𝑖𝑠 = Height of discharge pressure gauge above datum (m) 

𝑧𝑜𝑢𝑡𝑙𝑒𝑡 = Height of pump outlet above datum (m) 
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The discharge pressure transducer was located in line with the pump outlet, approximately 

18.5cm downstream. Due to the fact that both the discharge pressure gauge and pump 

outlet were at the same height with respect to the datum, the 𝜌𝑔𝑧𝑔𝑎𝑢𝑔𝑒 and 𝜌𝑔𝑧𝑜𝑢𝑡𝑙𝑒𝑡 terms 

canceled each other out. Additionally, because of the proximity between the discharge 

pressure gauge and the pump outlet, the velocity at both locations was assumed to be 

identical, thereby canceling the two velocity terms. Finally, because of the short length of 

the test bench (83cm), the frictional losses were neglected. Hence, the static pressure at the 

discharge side could be assumed to be equal to the gauge pressure as measured by the 

pressure transducer (𝑃𝑜𝑢𝑡𝑙𝑒𝑡 =  𝑃𝑔𝑎𝑢𝑔𝑒). 

 

From this, total discharge pressure with respect to the datum could be calculated as: 

  

𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑃𝑔,𝑑𝑖𝑠 +
1

2
𝜌𝑤𝑉2

𝑜𝑢𝑡𝑙𝑒𝑡 + 𝜌𝑤𝑔𝑧𝑜𝑢𝑡𝑙𝑒𝑡 EQ. 2 

 

Similarly, static suction pressure at the inlet side of the pump using EQ. 3.  

 

𝑃𝑖𝑛𝑙𝑒𝑡 = 𝑃𝑔,𝑠𝑢𝑐 +
1

2
𝜌𝑤𝑉2

𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 −
1

2
𝜌𝑤𝑉2

𝑖𝑛𝑙𝑒𝑡 + 𝜌𝑤𝑔ℎ𝑓 + 𝜌𝑤𝑔𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

− 𝜌𝑤𝑔𝑧𝑖𝑛𝑙𝑒𝑡 

EQ. 3 

 

Where: 

𝑃𝑖𝑛𝑙𝑒𝑡 = Static pressure at inlet side of pump (Pa) 

𝑃𝑔,𝑠𝑢𝑐 = Gauge pressure as measured on inlet side of pump (Pa) 

𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = Water velocity at surface of reservoir (m/s) 

𝑧𝑟𝑒𝑠𝑒𝑣𝑜𝑖𝑟 = Height of the reservoir water surface above datum (m) 

𝑧𝑖𝑛𝑙𝑒𝑡 = Height of pump outlet above datum (m) 

 

In this case, the velocity at the reservoir surface (𝑉𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟) was assumed to be zero. As 

the pump inlet was defined as the datum, the 𝜌𝑔𝑧𝑖𝑛𝑙𝑒𝑡 term was also zero. Again, frictional 

losses were neglected. 

 

From this, the total suction pressure with respect to the datum could be calculated as EQ. 4. 

 

𝑃𝑠𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑃𝑔,𝑠𝑢𝑐 +
1

2
𝜌𝑤𝑉2

𝑖𝑛𝑙𝑒𝑡 + 𝜌𝑤𝑔𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 EQ. 4 

 

The total differential pressure was calculated as the difference between the suction and 

discharge pressure, converted from Pascals (Pa) to meters (m). EQ. 7. 

 

𝑃𝑑𝑖𝑓𝑓 = 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 −  𝑃𝑠𝑢𝑐𝑡𝑖𝑜𝑛 = (𝑃𝑔,𝑑𝑖𝑠 +
1

2
𝜌𝑤𝑉2

𝑜𝑢𝑡𝑙𝑒𝑡 + 𝜌𝑤𝑔𝑧𝑜𝑢𝑡𝑙𝑒𝑡) − (𝑃𝑔,𝑠𝑢𝑐

+
1

2
𝜌𝑤𝑉2

𝑖𝑛𝑙𝑒𝑡 + 𝜌𝑤𝑔𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟) 

EQ. 5 

 

Assuming the inlet and outlet velocity are equal, this can be rewritten as: 
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𝑃𝑑𝑖𝑓𝑓 = 𝑃𝑔,𝑑𝑖𝑠 − 𝑃𝑔,𝑠𝑢𝑐 + 𝜌𝑤𝑔(𝑧𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟) 
EQ. 6 

 

Converting from Pascals to meters of head EQ. 6 can be rewritten as EQ. 7. 

  

𝐻𝑑𝑖𝑓𝑓 = (𝐻𝑑𝑖𝑠 − 𝐻𝑠𝑢𝑐) + 𝑘𝜌𝑤𝑔(𝑧𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟) EQ. 7 

 

Where: 

𝐻𝑑𝑖𝑓𝑓 = Total differential head (m) 

𝐻𝑑𝑖𝑠 = Discharge head (m) 

𝐻𝑠𝑢𝑐 = Suction head (m) 

𝑘 = Constant to convert between pascals and meters of head (1.02*10-4) 

𝜌𝑤 = Density of water at 20oC (998.2kg/m3) 

𝑔 = Acceleration due to gravity (9.81m/s2) 

𝑧𝑜𝑢𝑡𝑙𝑒𝑡 = Height of pump outlet above datum (0.17m) 

𝑧𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = Height of reservoir above datum (-0.343m) 

 

Note: temperature measurements of the water were not recorded, so the water density was 

not corrected for temperature. Instead, the density of water at 20oC was used for all 

calculations. Future testing should include a thermocouple and use recorded temperature 

for calculating ρw. 

 

Total differential head was used in calculating the total system efficiency for the SF2 solar 

pump.  

 

𝜂 =
𝐻𝑑𝑖𝑓𝑓 ∗ 𝑄 ∗ 𝜌𝑤 ∗ 𝑔

𝑉 ∗ 𝐼
 EQ. 8 

Where: 

𝐻𝑑𝑖𝑓𝑓 = Total differential head (m) as calculated in EQ. 7 

𝑄 = Flow rate in m3/s 

𝑉 = Input voltage to the pump motor (V) 

𝐼 = Input current to the pump motor (A) 

5 Testing Results 

Testing results for both the PQ and HQ characterization are provided here. All testing was 

conducted using two ETS60X14C Elgar ETS TerraSAS PV simulators connected in series. 

Each was programmed to mimic the current vs. voltage characteristics of a Raaj R040P PV 

module; the current vs. voltage and power vs. voltage curves as implemented in the PV 

simulator can be seen in Fig. 3. The tests were conducted with the pump fixed to a test 

bench circulating tap water from a 208.2 liter (55 gallon) drum through a short section 

(approximately 83cm) of 2.54cm (1”) diameter PVC pipe. The bench, with measurement 

instruments integrated, is shown in the photograph in Fig. 4. 

 

All results in raw data form are located in a separate excel file, with reference information 

located in Appendix C.  
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Fig. 3. Raaj R040P PV current vs. voltage and power vs. voltages curves. 

 

Fig. 4. Experimental setup in lab. 
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5.1 PQ Characterization results 

The pump was tested as defined in section 4.1, in which nine values of static backpressure 

were applied, and the irradiance was reduced until a flow rate of zero was reached. The 

results were collected using Labview and analyzed using Matlab. 

 

Time domain results for all nine values of head for both the 90mm and 50mm pulley gears 

has not been included for space considerations. A select subset of time domain results is 

included in the following figures: results for the small (50mm) pulley gear with the highest 

backpressure (H1) are plotted in Fig. 5, and for a mid-range value of head (H5) are plotted 

in Fig. 6. The results for the large (90mm) pulley gear for H1 and H5 are plotted in Fig. 7 

and Fig. 8. 
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Fig. 5. Time domain results for PQ test with 50mm pulley gear, H1. 
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Fig. 6. Time domain results for PQ test with 50mm pulley gear, H5. 
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Fig. 7. Time domain results for PQ test with 90mm pulley gear, H1. 
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Fig. 8. Time domain results for PQ test with 90mm pulley gear, H5. 
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These results show that when the pump is actively moving large volumes of water the total 

differential head is much greater than the setpoint of the backpressure regulator; this makes 

sense, as the pump must overcome the backpressure between the regulator and the pressure 

transducer (see Fig. 1) in order to push water. The current drawn by the pump motor varies 

in response to the backpressure and the amount of irradiance available. 

 

One drawback to the reciprocating piston pump is the output pressure experiences periodic 

ripple during each stroke of the piston. Because the SF2 uses only a single piston, this 

phenomenon is exaggerated. On each downstroke the output pressure peaks, while on each 

upstroke the pressure decreases. Using the backpressure regulator helped somewhat to 

minimize these periodic fluctuations. 

 

The pressure regulator was more responsive to excursions where system pressure exceeded 

the setpoint than when system pressure fell below the setpoint. As a result, the maximum 

system pressure recorded during testing was roughly 10-30% above the average value, 

whereas min pressure could be 40-50+% below the average value. Additionally, there was 

an unexplained discrepancy between the pressure regulator feedback value and the static 

discharge pressure as measured by the transducer near the pump outlet. In general, the 

pressure transducer read 0.5-1.5psi above the pressure regulator feedback. The root cause 

for this discrepancy has not been investigated. 

 

 

Fig. 9. Annotated PV current vs. voltage curve 

The instantaneous values of current and voltage can vary significantly because there is no 

active regulation of current or voltage. When the hydraulic power demand is low relative 
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to the available power based on irradiance conditions, the motor tends to operate in the 

voltage source region of the PV, to the right of the Maximum Power Point (MPP) (see Fig. 

9). When operating here, the input voltage to the motor is fairly constant, but there is 

significant ripple in the input current. A good example of this can be seen in Fig. 6 for time 

<1,000s. This current ripple shows up as ripple in the total differential head of the pump. 

This ripple is in addition to the natural pressure fluctuation that occurs due to the operating 

behavior of reciprocating piston pumps. 

 

In contrast, when the hydraulic power is high relative to the power available based on 

irradiance, the motor tends to operate in the current source region of the PV, to the left of 

the MPP. In this operating region, the current tends to be fairly constant, but the voltage 

can vary significantly. When this happens, both pumping head and flow rate experience 

marked instability. As irradiance continues to decrease, voltage instability tends to 

increase, until eventually the measured flow rate drops to zero. Both Fig. 5 and Fig. 7 

illustrate this phenomenon. 

 

The nine flow rate vs. power (Q vs. P) curves that were created for the 50mm pulley are 

plotted in Fig. 10. These show that, unsurprisingly, the highest flow rates were achieved 

with the lowest system pressures and vice versa. The highest flow rate that was observed 

was 28.6LPM with the backpressure regulator full open (no applied pressure) and 

1,100W/m2 of irradiance. The highest differential head that was recorded was 17m. 

 

The trajectory indicates that additional flow could have been achieved for all pressures had 

more input power been available. However, as this test was conducted with only two 

simulated modules (80W total), the flow rates at higher levels of input power were not 

investigated.  

 

Note that the head values given in the legend are averages across the total run but, as 

mentioned before, differential head tended to marginally increase with flow rate at each 

specific head test point. 
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Fig. 10. Flow Rate vs. Power for 50mm pulley gear 

The efficiency versus power for the pump system is plotted in Fig. 11. The Best Efficiency 

Point (BEP) for the test was found to be 55.2% with a differential head of 9.6m, a flow rate 

of 22.5LPM, and an input power of 64.2W (input irradiance was 950W/m2). 

 

Fig. 11. Efficiency vs. Power for 50mm pulley gear 

The nine flow rate vs. power (Q vs. P) curves that were created for the 90mm pulley are 

plotted in Fig. 12. These show a similar trend to those created using the 50mm pulley (Fig. 

10). The highest flow rate that was observed was 43.1LPM, around 50% greater than the 

maximum flow rate that could be achieved with the 50mm pulley. However, the maximum 

differential head was only 8.7m, or roughly half the maximum head of the 50mm pulley. 
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Fig. 12. Flow Rate vs. Power for 90mm pulley gear. 

The efficiency vs. power for the 90mm pulley gear is plotted in Fig. 13. The BEP was 

found to be 51.4% with a differential head of 8.4 and a flow rate of 31.3LPM. Power input 

was 83.3W and corresponded to an operating point of 1,100W/m2 and 25oC. 

 

Fig. 13. Efficiency vs. Power for 90mm pulley gear 

For the test points (12 points, according to Fig. 2) at each head value (H1 – H9) in the PQ test, 

the efficiency was averaged to generate one average efficiency for each head value. Fig. 14 

displays the average efficiency curve for both pulleys during the PQ test. 
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Fig. 14. Average Efficiency vs. Head for both pulleys over the PQ tests 

5.2 HQ Characterization results 

The HQ tests were conducted at STC as defined in section 4.2, with the backpressure 

initially high enough to prevent any flow. The backpressure was steadily reduced until the 

pump was in free flow (no applied backpressure). Data was collected using Labview and 

the results were analyzed using Matlab. 

 

Total differential head and efficiency were calculated using EQ. 7 and EQ. 8.  

The time domain results for the HQ characterization test using the small (50mm) pulley 

gear are shown in Fig. 15. At the beginning of the test, when the applied backpressure was 

greatest, the PV input was operating in current source mode: the current was saturated at 

the short circuit current and the voltage experienced large, rapid fluctuations. As the 

backpressure decreased the current demand of the motor decreased, and the voltage 

fluctuations dampened. A similar result can be seen in the results for the 90mm pulley 

gear, shown in Fig. 16. 
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Fig. 15. Time domain results for HQ test with 50mm pulley gear. 
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Fig. 16. Time domain results for HQ test with 90mm pulley gear. 

The average flow rate versus total differential head for both the 50mm and 90mm pulley 

gears is plotted in Fig. 17. This figure can be compared to the figure in the datasheet 

(Appendix A). The highest steady state flow rate that was achieved during this testing was 

28.2LPM (1,692L/hr) when using the 50mm pulley gear and 43.2LPM (2,592L/hr) when 

using the 90mm pulley gear; in both cases maximum flow occurred when the backpressure 

regulator was set to full open. Because this figure considers total differential pressure, the 

highest differential head when flow was present was slightly higher than when the pump 

was dead headed, as there was less suction pressure. The maximum heads when flow was 

present were 14.2m for the 50mm pulley gear and 7.8m with the 90mm pulley gear. 

 

Peak efficiency for both pulley gears occurred when total differential head was around 7m. 

For the large pulley peak efficiency was 49.4% at 7.1m, then decreased sharply, reaching 

zero (when flow rate was zero) at 7.3m. For the small pulley, efficiency peaked at 51.8% 

and remained above 45% through 14m of head. 
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Fig. 17. Flow rate vs. Head for both small (50mm) and large (90mm) pulley gears at 1000 

w/m2.  

 

Fig. 18. Efficiency vs. Head for both small (50mm) and large (90mm) pulley gears at 1000 

w/m2. 

6 Discussion and Conclusion 

The SF2 solar pump system was tested according to a modified version of the test protocol 

outlined in IEC 62553 [1]. The pump was powered by two PV simulators each simulating a 

single RAAJ R040P 40W polycrystalline PV module. The test setup circulated water from a 

208.2L (55 gallon) drum through a short section of 2.54cm (1”) diameter PVC pipe. System 

pressure was maintained using an Equilibar backpressure regulator.  
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The PQ characterization was done over a range of backpressures from 90% of the maximum 

pressure to no pressure (full open). The input power was modified by incrementally 

reducing the simulated irradiance input of the PV simulator. 

 

The pump motor had no voltage or current control. Instead, the motor was allowed to draw 

current freely based on the available input irradiance and pumping head. High pressure 

and/or low irradiance caused the simulated PV input to enter its current source region, which 

resulted in an unstable input voltage. This voltage instability led to instability in motor 

speed, pumping pressure, and flow rate. Adding some sort of voltage control to stabilize it in 

this operating region would improve pump performance in high head/low irradiance 

conditions. 

 

The pump test bench setup was effective at conducting the PQ and HQ testing, but further 

improvements can be made. Adding a thermocouple to record water temperature will help 

provide a more accurate measurement of differential head and efficiency. Adding closed 

loop pressure control would help in maintaining a more consistent backpressure across a 

wide range of power values. Another potential improvement to the test configuration would 

be the addition of an accumulator tank, which could potentially damp out some of the 

pulsations in pressure and flow rate. 

 

Other potential future work includes data validation and calibration. Pressure transducers 

can be validated using a manometer. The discrepancy between the recorded pressure 

feedback from the backpressure regulator and the discharge pressure as recorded by the 

pressure transducer should be investigated. Flow rate measurements can be validated using a 

bucket and stop watch.  

 

Finally, testing and validation of the stock PV modules that are supplied as part of the SF2 

pump system was outside the scope of this testing. Future efforts should be focused on 

validating the PV modules using a pyranometer and measurements of backsheet module 

temperature to verify the manufacturer’s values for maximum power voltage and current. 

Tests of the pump system using the actual PV modules should be conducted, and these 

results should be compared against the performance recorded using the PV simulator. 

 

A note on manufacturer rating comparison: Among the tests completed, flow rates and 

achievable head aligned well with Futurepump’s reported performance, but efficiency did 

not. The discrepancies may be due to the test method or instrument precision and need to be 

validated further.   
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Appendix A: SF2 Solar Irrigation Pump Datasheet
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Appendix B: RAAJ Solar Photovoltaic Module Datasheet 
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Appendix C: Data file description
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The complete data results that were captured during testing can be found in “Solar Water Pump Test 

Data_CSU2018.xls”. This workbook combines the data results for all testing, with one sheet per test. Data for 

20 tests total are included. These are: 

 

• 50mm Pulley PQ H1 through 50mm Pulley PQ H9 – Results from the flow rate versus power (PQ) 

characterization tests using the small (50mm) pulley gear for nine values of applied head H1-H9 

• 90mm Pulley PQ H1 through p0mm Pulley PQ H9 – Results from the flow rate versus power (PQ) 

characterization tests using the large (90mm) pulley gear for nine values of applied head H1-H9 

• 50mm Pulley HQ – Results from the flow rate versus head (HQ) characterization tests using the small 

(50mm) pulley gear 

• 90mm Pulley HQ – Results from the flow rate versus head (HQ) characterization tests using the large 

(90mm) pulley gear 

The data columns for the steady state data are as follows: 

• Column A – Elapsed time in seconds. Each test starts from time t=0. 

• Column B – DC voltage applied to the pump motor 

• Column C – DC current applied to the pump motor 

• Column D – Discharge gauge pressure as measured by the pressure transducer, in pounds per square 

inch (PSI) 

• Column E – Suction gauge pressure as measured by the pressure transducer, in pounds per square inch 

(PSI) 

• Column F – Feedback signal from backpressure regulator, in pounds per square inch (PSI) 

• Column G – Motor pulley speed as recorded by optical speed sensor, in radians per second 

• Column H – Flow rate in liters per minute (LPM) 

• Column I – Constant value for Eqn. 7 in meters (m) 


